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Foreword 


THE PHYSICAL FOUNDATION of water supply is made up of many natural factors 
and among these there are various complex interrelations. Local and regional! 
differences, especially in reology and topography and in the results of the inter- 
action of the meteorological factors add to the difficulties of determining 
quantities of water and the manner of most effective use of available resources 


The economic foundation required for the appraisal of the relation of availabl 


water to human welfare is even less adequate than the physical base on which 


necessarily rests. Economic analysis is handicapped especially because of 
inadequate quantitative data. For only a few areas are the quantities of wat: 
accurately determined. For many others only scattered measurements exist 


In general it is the supplies vielded by undisturbed natural processes that ar 
measured, It is not possible, since the techniques have not been perfec Led, to 
determine the quantities of water that could be made available when the needs 
for water require the emplovment of all feasible methods of water conservation 
For some important features of uses of water there are no specific studies 
available 

Since appraisal of resources and evaluation of projects must proceed in 
light of available facts there is special need for increasing the usefulness of 
scarce data and of securing qualitative judgment from scientists in the neglected 
segments of study. 

The collection of articles on various phases of water resources in this pub 
lication brings together in more convenient form some materials otherwisi 
available but scattered, and in other Ways adds to the literature in the field 
Some of the articles have been submitted by Federal agencies but several havi 
been prepared by professors and engineers not in Federal service 

A general description of tmportant facilities of water management, thi 


ground water reservoirs of the United States, is appearing as number II] 


this series. Other features are being prepared for possible future publicatio 





Introduction 


IN My INTRODUCTION to the preceding publication in this 
series, ‘‘Photosynthesis—Basic Features of the Process,”’ 
there was an explanation of the extensive responsibility of 
the Committee on Interior and Insular Affairs in the field of 
natural resources. That document presented much valuable 
data and new discoveries on photosynthesis, the most impor- 
tant of all nature’s contributions to the welfare of mankind 
Members of the committee and others now have available 
the results of important new scientific discoveries which 
provide an explanation of some of the basic features of the 
process and therefore a more complete scientific foundation 
for an appraisal of many natural resource problems 

These studies have added greatly to the evidence of the 
importance of water as a resource by showing the need for an 
adequate and appropriate supply to obtain the most pro- 
ductive results in photosynthesis. Probably our greatest 
single weakness in natural resource management is our 
present scientific data about our 


deficiencies in water 


resources. On some phases considerable data have been 
accumulated but on others the data are but fragments of what 
is needed and some of the most important features have been 
most neglected, 

The rapid increase in the size and scope of Federal projects 
in natural resources makes the formulation, at the earliest 
possible time, of an adequate scientific foundation program, 
the logical first step in a sound national resources program 
Mistakes from projects formulated with inadequate informa- 
tion will often produce unfortunate results, in some cases the 
losses may be many times the cost of the scientific program 
that would be required for sound development. 

The completion of the mapping and basic data programs 
and other segments of a more complete scientific program will 
require time. Even with the highest rate of acceleration that 
may be found feasible, adequate information will not be 
available for many projects that may be built. 

The necessary professional manpower is only fractionally 
available and must be trained and attracted to the program. 
This will require dependable financing with assurance of 
program continuity. The necessary staff of scientists and 
technically trained personnel could not be assembled and 
their adherence to the program maintained without congres- 
sionally approved policies that will insure these results. 

These deficiencies in the scientific foundation program in 
natural resources create difficulties for those responsible for 
formulating programs and policies for developing the re- 
sources of this great country, and lend great emphasis to the 
need for fostering preliminary or reconnaissance type surveys 


that will add as quickly as possible to our knowledge of 
the basic physical and economic features of our resources i 
ordet! that we may plan our programs more W isely 

Great gains would come if the basic features of the unex 
plored resources could be established Im a preliminary Way 
and the meaning of all this for current projects made evident 

| have long been interested in this problem of more ad 
quate basic data for our programs to develop our water re 


understand = thre 


sources. The human law maker should 
natural laws with which he deals 


During the last dozen vears I have passed from one at 


thority to another the now famous, or “infamous.” fou 
questions. I still seek an answer but, as vet, a complete o 
adequate set of answers has not been available for any of 
the many areas in which as chairman of the committee | an 
interested. These are the four questions 

Let x represent anv given geographical surface or area for 


which this information is sought 

First, what is the total annual average precipitation fallu 
upon area x? 

Second, of the total average annual precipitation what pro 
portion gets into stream channels where it can be measured 
and utilized by man? 

Third, of the total precipitation what proportion ts returned 
to the atmosphere as vapor? 

Fourth, of this precipitation what proportion gets into 
underground channels and reservoirs and what becomes of it? 

| have propounded these questions on several occasions to 


Dr. J. R 


Legislative Reference Service of the Library of Congress 


Mahoney, senior specialist in natural resources 


While he has not been able to provid the answers he has 
through cooperation with the scientists in the Federal agen- 
cies and others succeeded in formulating a program that was 
embodied in a bill to provide i comprehensive and adequate 


water resources basic data program, which | introduced into 
Congress as H. R. 6257 in the Eighty-first Congress, and 
reintroduced as H. R. 1637 in the Eighty-second Congress 
Features of this bill and an explanation of the program may 
be found in part Il of House Document 706 of the Eightv- 
first Congress, entitled “‘A Program to Strengthen the Scien- 
tific Foundation in Natural Resources.”’ 

These reports showed that some segments of the serentifi 
program have been negleeted relative to the umount of 
research concentrated in other fields 
Expecially lacking are 

|. Determinations of the rates, reographic 


and the gross volume of precipitation, the frequeney i 
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which varying seasonal amounts of precipitation recur and 
the rates, variability, and amounts of potential evaporation 
and transpiration, 

2. Knowledge of the magnitude and basic physical charac- 
teristics of the Nation’s ground-water resources and of the 
facilities and techniques of subsurface-water management. 

3. The necessary maps showing the physical features of 
the earth’s surface as it relates to water management and 
the hydrologic characteristics of all surface and subsurface 
channels and facilities for storage and recharge of under- 
ground reservoirs, 

$. Balance sheets of water-resource accounting showing 
for each catchment area and geographic unit: the gross 
volumes of water from precipitation, the respective quan- 
tities of water consumed in various beneficial uses, the net 
gain or loss to surface or subsurface storage, the volume of 
outward drainage and the quantities dissipated in) evapo- 
transpiration, 

5. The required data on the effects of variable supplies of 
water on plant growth and the potentials where water can 
be controlled and applied in close harmony with plant needs 
and the place of water management in a national program 
of photosynthesis. 

6. The basie economic principles governing the allocation 
of water among its various uses, with appropriate evaluation 
of changing needs and reallocations. 

7. The relative effectiveness of the different methods of 


Water management, their respective costs, and the require- 


ments for effective integration and coordination of the 
various uses, 

8. The possibilities of recycling water for its most im- 
portant nonconsumptive uses in areas where essential eco- 
homic activities must be carried on with severely limited 
recurring annual supplies of water. 

Following my suggestions and official request, as chairman 
of the committee, Dr. Mahoney has undertaken the task of 
bringing together reports of various scientists in order to pro- 
vide a preliminary appraisal of some of these neglected 
features. 

In pursuit of this program Dr. Mahoney has met a ready 
response from scientists in various Federal agencies and at 
Various stages the assistance of scientists In universities and 
other non-Federal agencies has been sought. Some of these 
have been especially generous with their time and talents in 
preparing statements for the use of the committee without 


monetary compensation for their services. 


The results of some of these studies are being printed for 
committee and other uses in a form similar to House Docu- 
ment 706. The second and third in the series are presented 
under the general title of ‘“‘The Physical and Economic 
Foundation of Natural Resources” and the specific titles, LI. 


“The Physical Basis of Water Supply and Its Principal 


Uses” and, IIL. ‘The Groundwater Regions of the United 
States, Their Storage Capacities.” 
Joun R. Muourpock, Chairman, 
Committee on Interior and Insular Affacrs, 
Tlouse of Re Prese ntatives. 
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EKeonomic Characteristics of Water 


J. R. Manoney, Senior Specialist in Natural Resources, Legislative Reference Service. Library of Congress 


WATER CONTRIBUTES, directly or indirectly, to the supplying 
of more human wants than does any other natural resource. 
[t is an absolute necessity in the functioning of the human 
body, with regular daily supplies as important as food. It is 
essential to the maintenance of all plant and animal life. 
In varying degrees, water is vital in all segments of economic 
activity. As the population grows and the plane of living 
is raised, the total demand for water increases through new 
uses and through the intensification of old ones. 

The most unique features of water supply are its cyclical 
replenishment in generally dependable recurring seasonal and 
annual patterns and its change of state from gas to liquid 
and back again in a continuous cvele. The supply of water 
is often deficient in relation to its numerous needs, and to the 
extent increasing needs cannot be offset by conservation 
measures this deficiency will become progressively 
stringent. 


more 


In common with other scarce goods essential to human 
welfare, the value of water is the resultant of the relation- 
ship between two sets of factors those governing its amounts 
and conditions of availability, and those determining the ex- 
tent and nature of its uses. These constitute its supply and 
demand characteristics. Some features of both of these are 
unusual in their physical aspects and economic consequences. 

The usual analysis of an economic good—one that is scarce 
in relation to the total volume of demand 


portrayal of 


begins with a 
the conditions of supply, proceeds to the 
determination of the characteristics and volume of demand, 
and concludes with the appraisal of the impact of these 
opposing sets of forces and the resultant values. 

Starting with the hydrologic and geologic factors governing 
the amounts of the water crop and the nature of its occur- 
rence, the analysis must be extended to include the physical 
results of beneficial uses and their economic. significance 
There must be understanding of the physical conditions 
governing water supply and its availability , the technique of 
its effective management, the physical results from the use 
of water, and the values of its various uses. 

Although important departures from the normal annual 
supplies are frequent, these fluctuations are generally around 
a central point from which excesses or deficiencies are re- 
versed toward the normal. There are no discernable long- 
period upward or downward trends in annual supplies, but 
below or above normal precipitation may persist over a series 
of vears, and the change is often to a succeeding period vary- 
ing in the opposite direction. 
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The amounts and distribution of precipitation over the 
earth’s surface result from meteorological force’ operating on 
a vast scale, but these have been insufficiently charted and 
measured. Great air-mass movements, following fairly 
definite recurring patterns of behavior, transport tremendous 
loads of moisture derived from regions of heavy evaporation, 
chiefly the oceans. A portion of this moisture is then re- 
leased over the earth’s surface through the operation of a 
different set of forces which provides broad regional patterns 
of precipitation. Uneven topography and other factors may 
produce marked local variations in its amounts and dis- 
tribution. 

Kor each restricted area it is necessary to accumulate 
measurements of precipitation and data on other meteoro- 
logical factors, especially evapotranspiration (evaporation 
and transpiration) over a period of sufficient length to provide 
dependable interpretations of patterns of water supply. In 
reneral, water passes through a balanced cycle each vear 
precipitation equals evapotranspiration and runoff to the 
sea, except as modified by vains or losses to surface and 
underground storage 

The many and varied functions performed by water and 
the great extremes in its physical products and economic 
returns create complex problems in the formulation of pro- 
vrams for its most effective use. For their soundness these 
programs require the identification, measurement, and 
appraisal of all important physical and economic features of 
water supply 

The need for sound policies and an effective Nation-wide 
water resources program arises from its overwhelming un- 
portance for the country’s welfare and the necessity of 
synchronizing all uses, including prospective future intensi- 
fied uses. Appropriate Federal and State policies must 


necessarily be formulated and programs developed to 


accomplish these objectives. Kat other 


resource, and probably equaling the importance of all others 


surpassing any 


combined. water has now become the center of immense 


conservation activity and rapidly mounting expenditures. 


Major Lses of Water 


Some of the most important uses of water are those which 
are nonconsuimptive or nearly so-—the generation of electric 
power, navigation, most industrial uses, and the great pre- 


ponderance of supplies used for domestic purposes 








Runoff to the ocean may generally be classified as waste, 
although in the lower reaches of large rivers navigation is of 
economic significance to be provided for. In these lower 
river channels, however, there is much damage from floods 
and difficulties from unevenness in the rates of stream flow. 
Offsetting costs for protective facilities sometimes leave 
little or no net contribution to the country’s welfare. It is 
generally prior to such accumulations in large open streams, 
that water finds its most vital uses. 

Water used for direct human consumption and other 
domestic needs usually takes priority over all other uses 
where water supplies are scarce and some needs must be 
sacrificed. The total amount of water required for these 
purposes, however, is not large and, except for a fraction of 
the total, such uses are essentially nonconsumptive, although 
water quality may be impaired. There are often possibilities 
for treating and recycling of water where measures of conser- 
vation are needed to make the most of a limited supply. 

Water is generally the limiting factor in the production of 
useful vegetation which supplies the requirements for all 
animal life. The primary (plants) and secondary (animal) 
products of photosynthesis! provide most of the necessities 
of life and furnish the raw materials for many other needs. 

A national program for increasing the quantity and improving 
the quality of products vital to human welfare can be achie ved 
more effective ly through water Manage ment than by any other 
method. The unde Ve loped pote ntials are probably qreater than 
for all others combined. 


Characteristics of Water Supply 


The amounts and distribution of the annual water crop ts 
the resultant of meteorological and other forces operating 
well bevond man’s control. These are, mainly, the vaporizing 
power of the sun drawing water into the atmosphere, the 
space relation of water and land surfaces, the geographical 
differential in the absorption of the sun’s rays, air-mass 
circulation, and the topography of land surfaces. 

In its vapor state, water is unmanageable and programs 
for its conservation are restricted to its liquid form on or 
under the earth’s surface. available for 
management is a residual after many deductions from the 


The quantity 
original amounts precipitated. The manageable water crop 
is usually only a small fraction of total precipitation. 

On reaching the land surfaces, the water supply is segre- 
gated into numerous independent segments by the topogra- 
phy of the earth’s surface. For each basin or subbasin, the 
water crop is independent and the amount that can be 
brought under management will be determined by a set of 
geological and other factors peculiar to that catchment basin. 

Water is seldom, if ever, distributed by natural 
processes In amounts that completely harmonize with uses. 
The pattern of needs is generally markedly different from the 
pattern of supply as provided by nature. For its most vital 


these 


1 The process by which green plants fabricate numerous 1 


dioxide through the use of light energy from the sun 
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uses, water is needed in a continuous unbroken supply, but 
with important daily and seasonal variations. This estab- 
lishes the need for water control im order that irregular 
supplies may be collected and reallocated in harmony with 
use requirements. 


Facilities of Water Management 


The distribution of the facilities determining the amount 
of water that can be brought under management for its 
controlled uses are as variable as the geological conditions 
that have provided mineral deposits that are feasible of 
development. While it is possible with ground-water facili- 
ties as with coal or iron-ore deposits to mark out the general 
regions of their occurrence and after preliminary exploration 
to visualize something of their volume and qualities, it is 
difficult in either case to determine all the necessary factors 
for wise use without thorough mapping and adequate explora- 
tion and in many cases careful checking and observation 
after the facility is in operation. 

Many areas throughout the United States are devoid of 
facilities for the production of minerals or the control of 
water supplies, while other areas have extensive deposits 
and facilities which remain unknown or can at this time be 
appraised only ina preliminary way. Difficulties with water 
supplies for many cities and industries that have reported 
trouble are in large measure merely concrete evidence of the 
lack of wisdom in choosing locations without first: ascertain- 
ing the supply conditions of a resource that is essential to 
effective operation and in other cases mistakes in the use of 
a facility of water control which has only been partly studied 
and understood. 

Variations in precipitation and even greater fluctuations 
in the volume of stream flow cause extreme variation in the 
amounts available for use. Unfortunately, the effectiveness 
of water in most of its uses is determined by the minimum 
rather than the average or maximum flow. 

The minimum stream flow can be raised through storage 
reservoirs, and long-period regularization is possible where 
effective surface or subsurface storage facilities are available. 
The ultimate in efficiency can be achieved only where sup- 
plies, regardless of the irregularity of the pattern of their 
occurrence, can be placed in storage facilities from which 
withdrawals can be made in complete harmony with require- 
ments for each use. Some uses, especially those of domestic 
consumption and energy generation, are best served by a 
regular and generally unvarying supply. These needs can 
usually be met, however, with less difficulty than can the 
widely varying requirements for efficient photosynthesis. 

In response to the impact of a growing demand on an 
unexpandible water crop, techniques of water resources 
management can often be intensiiied to make a given amount 
of water serve more needs. Manageable water supplies can 
be enlarged to serve high-value controlled uses through 


reduction of wasteful evapotranspiration, suppression of 
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low-value uses, and by increasing the efficiency of facilities of is an adequate supply of water. Because of the limited 
control. amounts and the precarious and uncertain supply of water 

Tremendous amounts of water now wasted into. the these other valuable resources frequently go to waste from 
atmosphere through evaporation from open water surfaces, nonuse, or vield only a fraction of their potential 
wet ground, and through transpiration by useless vegetation, These combined vital functions supplied by water in the 
provide potential supplies that can be salvaged for transfer process of photosynthesis, coupled with the fact that it is 
to high-order uses where appropriate water management the factor most subject to control, makes water management 
facilities are available. Low-order economic uses also account the dominant means of controlling and WNpProving the process 
for a large portion of the total water crop. For each area The relation between the quantity of water and the pro 
the water-control facilities will limit the proportion of the ductive results of photosynthesis is much less direct than the 
total water crop that can be made to serve high-order relation between the pattern of its availability and the peat 
consumptive uses. tern of the energy supply light from the su There is fo 
Techniques are being developed which provide for impor- each successive change in light intensity and other charact 
tant nonconsumptive uses of water through treatment and istics of the energy supply an appropriate amount of wate 
reuse in closed systems requiring only minor replenishments. for maximum results. Either too much or too little reduces 
This would generally necessitate effective underground water the harvestable product, often drastically 
resource Management since surface storage is usually subject It is the possibility of providing this balanced water supply 
to large losses from evaporation and seepage. Such losses that is the dominant factor lh appraisitig the facilities of water 
would not be tenable in a recycling system requiring purifica- control for irrigation and especially for supplementary 
tion and/or distillation gation. A limited quantity of water under control applied 
Subsurface reservoirs with impervious enclosures and thet In exact harmony with the requirements To Pea N TEL) 
stored water shielded from the vaporizing forces of the photosynthesis may produce a larger physical product than 
atmosphere would permit an accumulation of reserves, even large amounts applied in the manner that is typical of most 
in desert areas, sufficient to meet substantial domestic and irrigation 
industrial needs. Water could thus be provided inh places Large oversupplic soften Im pall the total produ sas muel 
where the annual recurring water crop is only a small fraction as water deficits. Water requirements of plants are deter 
of the total volume of water used mined primarily by meteorological forces which not or a 
with the seasons but also have a distinct daily pattern fo 
lowing closely the variable intensity of the sun’s light No 
Lse of Water in Photosynthesis area in the entire country provides water at the times and 
the amounts that conform exactly to these patterns at 
Water is used jointly with several other important re seldom is maximum photosynthesis achieved. Water de! 
sources in the process of photosynthesis. Significantly, all for plants may occur even when large annual surpluses 
these other resources the light energy from the sun, carbon precipitated. Heavy storms may be only fractiona sable 
supply from the atmosphere, and the numerous mineral ele- by growing plants and light storms are often of si cons 
ments from the soil can be used effectively only where ther quences 








Evaporation From the Sea as a 


Source of Moisture for 


Rainfall in the United States 


Ricwarp H. FLeminc, Chief, Division of Oceanography, United States Navy Hydrographic Office 


FROM EXPOSED Water and land surfaces moisture continually 
evaporates into the air where it exists in vapor form. This 
vapor is transported in accordance with the atmospheric 
circulation and is finally condensed into fog or clouds, from 
which a part is precipitated as rain or snow. After precipita- 
tion a large proportion returns to the original source, the 
ocean, thus completing the water or hydrologic cycle of trans- 
formation and transportation. 

Until several decades ago a theory of a land-derived source 
of precipitation was advocated by hydrologists and clima- 
It was believed that the greater part of the 
moisture precipitated over the continents was water which 
had previously been acquired by the atmosphere by the 
processes of land evaporation and transpiration. 


tologists. 


This view 
of the hydrologic cycle minimized the flux of water in the 
atmosphere from the oceans and essentially equated such flow 
to the water lost by the continents as surface runoff and 
subsurface seepage. The theory of land-derived precipita- 
tion was first attacked by Holzman (8) in 1937. His study, 
based on newly available upper-air wind and humidity data, 
advanced the hypothesis that essentially all precipitation is 
derived from oceanic water vapor. He maintained that 
precipitation is derived from maritime air masses; that evapo- 
transpiration occurs into continental air masses; and that, 
since the air masses are distinct, there can therefore be no 
important physical connection between the processes of 
While Holzman was 
unable to advance conclusive proof of these statements, the 


evapotranspiration and precipitation. 


theory of an oceanic source for precipitation has been widely 
accepted by hydrometeorologists 

The oceans are of vast importance in the water cycle 
because they serve as sources of heat and moisture for 
modifying cold and dry air masses. Because of the pre- 
vailing west-to-east air movement in our latitudes, the 
Pacific Ocean is a great source region for air with maritime 
polar characteristics. Continental air masses, originating 
in Asia and Alaska, move over the Pacific and absorb heat 
and moisture from the water. Convection, as a result of 
heating from below, brings about a transport of water vapor 
and heat upward, producing a fairly steep lapse rate and near- 

I 


saturation humidities up to rather high levels. The re- 
sulting maritime polar-air mass is the principal one asso- 
ciated with precipitation on the Pacific coast. Likewise, 
the Gulf of Mexico, the Caribbean Sea, and the Pacific 
Ocean south of the tip of Lower California are important 
source regions for maritime tropical air which invades the 
United States from the south. As the name implies, this 
air is very warm and humid and when it is forced upward by 
topography, by surface heating over land, or when it over- 
runs colder air in the vicinity of fronts, its moisture condenses 
and falls as precipitation. Of lesser importance is maritime 
polar air of Atlantic origin. This air, which is usually 
neither as moist nor as warm as maritime polar air of Pacific 
origin, occasionally affects the weather of the Atlantic coast 
of the United States. 

The role of the oceans of the earth in the water cycle is 
further emphasized by the following figures from Wiist (20): 
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Ficure |.—Precipitation and evaporation over the Atlantic Ocean. 
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Acre-feet So 

Total evaporation from the oceans 275, 000, 000, 000 334, 000 

Total precipitation on the oceans 244, 000, 000, 000 297, 000 
Water supplied to the oceans by 

runoff 31, 000, 000, 000 37, 000 

Total precipitation on land 82, 000, 000, 000 99, 000 
Evaporation from land surfaces and 

from inland seas 51, 000, 000, 000 62, 000 


For purposes of comparison, it may be mentioned that the 
capacity of Lake Mead, above Boulder Dam, is 45 cubic 
kilometers. 

The function of the oceans in supplying moisture to the 
atmosphere through the process of evaporation will be dis- 
cussed here. Methods for determining the rates and total 
amounts of water evaporated from the oceans will be de- 
scribed, and charts and tables showing the quantitative 
results obtained by leading investigators in the field will be 
presented. 

Evaporation is a net flow of molecules from liquid to vapor. 
When the flow is in the other direction, condensation is occur- 
ring. Although it is complementary to precipitation and of 
equal importance, there is much less quantitative information 
about the rate of evaporation. This is due to the fact that, 
while the measurement of precipitation is direct and readily 
made, evaporation must be determined indirectly from suit- 
ably-made observations. The computation of exactly how 
much substance will evaporate under known conditions is 
difficult enough in the laboratory. In nature, where there is 
no control of causative factors and where it is difficult to 
measure the prevailing conditions accurately, the computa- 
tion is approximate at best. A few qualitative statements 
can be made, however: 
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hicure 2.—Precipitation and evaporation over the Pacific Ocean, 


1. Evaporation is proportional to the difference between 
the saturation vapor pressure at the temperature of the water 
It must therefore be 
expected that the greatest evaporation occurs when cold dry 


and the actual vapor pressure of the air. 
air flows over warm water. Under these conditions upward 
diffusion of water vapor will be facilitated because the turbu- 
lence of the air will be fully developed owing to unstabk 
stratification in the very lowest layers. 

2. Evaporation will be continuous only if energy is con- 
tinuously received from some outside source (e. g., insolation 

3. Evaporation will be proportional to the rate at which 
vapor is carried away from the immediate vicinity. The 
evaporation rate in still air, for example, is much smaller that 
evaporation into a wind 


Methods for determining evaporation from the oceans 


Our present knowledge of evaporation from the oceans is 
derived partly from pan observations and partly from com- 
putations based on consideration of the energy budget and 
the Mass transfe 7 by turbulent Processes of water Vapo!l from 
the ocean to the amosphere. 


The water-budget method, 


whereby evaporation is determined by measuring inflow, 
outflow, and changes in storage, obviously cannot be applied 
to the oceans. 

Observations made from pans on shipboard were first used 
to gain an insight into the rate of evaporation from the sea 
Such observations give values of evaporation which are too 
high partly because the wind speed Is greater al the level of 
the pan than at the sea surface and partly because the 
difference in vapor pressure in the air and that of the evapo- 
rating surface is greater at the pan than at the sea surface 
Wiist (20 


the increase in vapor pressure between the average level of 


has analyzed the decrease in wind velocity and 


the pans used on shipboard and a level of a few centimeters 
above the sea surface and arrived at the conclusion that the 
measured evaporation rates must be multiplied by 0.53 in 
order to represent the evaporation from the sea surface 

Pan observations have also been used to determine evapo- 
ration from lakes and reservoirs where the pans could be 
located at the same level as that of the surface of the body 
of water. Considerable work has been done by investi- 
gators relating evaporation from a pan of a certain type and 
evaporation from a body of water. This method, too, has 
been criticized because the “pan coefficients’ determined 
experimentally for various pans apply only for the con 
ditions under which they were determined. 

Computing evaporation on the basis of the energy budget 
is based on the fact that over the oceans as a whole the heat 
loss over the sea surface during the course of a year must, for 
all practical purposes, equal the total incoming radiation ab- 
sorbed at the surface. For small areas of the sea surface, the 
evaporation rate in grams per square centimeter of surface, 
or simply the centimeters of water evaporated, may be de- 
termined entirely from energy rendered available for that 
purpose in accordance with the equation 
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Mquation 1 E d.—rQ@.—Q,.—C-— 2: 
: Lt 

total heat radiated from the sun, sky, and clouds reaching 

the sea surface (depends primarily on the sun’s altitude, 

cloudiness of the sky and absorption by the atmosphere). 
r= fraction of incoming energy reflected (depends on the eleva- 
tion of the sun and roughness of the sea surface). 

(),= heat lost through back radiation from the sea surface (depends 
mainly on the temperature of the sea surface and water 
content of the atmosphere). 

().=sensible heat exchanged between the sea and atmosphere by 
conduction and convection. 

(),=heat added or removed from the unit water column by 
advective processes. 

L.=latent heat of vaporization at water temperature f. 


where Q, 


In equation 1, Q,, Q»), Q@-. and @, are expressed in gram 
calories per square centimeter. When using the equation to 
compute evaporation, Q, must be neglected since it cannot be 
evaluated. Methods for the practical determination of :, 
rand @, have been devised by various investigators, viz., 
Mosby (15), Kimball (11), Angstrom (2), Schmidt (16) and 
Askl6ff (3). Knowing the values of these terms, it is possible 
to determine a quantity, @,, which is the amount of heat 
available in the sea to be used in part for evaporation, 1. e., 
@. or EL, and the remainder for heating the atmosphere, 
Y.. Thus 


Mquation 2 Q Q.+0Q. 


ca « 


‘To obtain the amount of heat available for evaporation, it is 
only necessary to determine the portion of Q, which = is 
released to the atmosphere as sensible heat. Early investi- 
gators assumed a constant value of 0.1 for the ratio, Q./Qe, 
although it has long been known that the ratio is highly 
variable both with respect to seasonal and regional distribu- 
tion. Bowen (5) has derived an expression for the ratio of 
heat losses by conduction and by evaporation, and his 
formula was later affirmed by Sverdrup. The formula for 
the ratio, often referred to as the ‘Bowen ratio” and indi- 
cated by R, is 


Lauation 3 QO, + t t > 
R=**=0.50( =. ; 
(), ‘ €. iH0 
where ¢, and {,=temperature in degrees centigrade of water and air 


respectively. 
vapor pressure in millimeters of water surface and air. 
P=etmospheri¢c pressure in millimeters, 


C, and e, 


Combining equations | and 3, it is possible to arrive at the 
following formula which lends itself readily to making com- 
putations of evaporation over the oceans using available data: 


equation 4 
Oe 


E [ -0.50 ¢ ta UL, 


Sverdrup (17) has suggested a second method for com- 
puting evaporation as a function of moisture distribution 
within the turbulent 
The basic assumption behind this method is 


and wind movement laver of the 
atmosphere. 


that there is a transport of water vapor from the sea surface 


to the atmosphere by ordinary diffusion through a shallow 
boundary layer and by eddy diffusion through the turbulent 
laver above, 


Sverdrup’s formula, which is not well suited 


for numerical computation, has been simplified by Jacobs (9) 
to give the 24-hour evaporation in millimeters: 


Equation 5 E=0.108 (e,—e.) Wa 


where e, and eg=Vapor pressure in millibars at the sea surface and at 


a height of 6 meters. 
W,=wind speed in meters per second at 6 meters. 

Equation 5 applies only to an adiabatic atmosphere and 
gives values for # which are somewhat too great under stable 
atmospheric conditions. However, when computing evapo- 
ration over a period of days or longer, no serious error is in- 
troduced as the amounts computed under stable conditions 
are small when compared with those computed under adia- 
batie conditions. 


Evaporation Rates Over the North Atlantic and 
North Pacific Oceans 


Until the last decade only the mean annual evaporation 
over the oceans had been computed. Recently a more com- 
prehensive investigation of the seasonal and intralatitudinal 
Variations of evaporation has been completed by Jacobs (10) 
and the results of his work will be deseribed at some length 
here. Jacobs approaches the problem on the basis of both 
energy and turbulence considerations using equations 4 and 
5 to compute the mean annual evaporation for four selected 
areas in the North Pacific and North Atlantic Oceans where 
the latitudinal transport of water (north and south currents) 
is at a minimum. In making the computations, recently 
published climatic data on humidities, sea-surface tempera- 
tures and wind speeds were used. The two methods of 
computation have then been compared; (1) to determine the 
amount of statistical adjustment necessary to be applied to 
the observational data and, (2) to determine the validity of 
Table 


| shows the results of the two methods of computation: 


the turbulence method for computing evaporation. 


Tabse |. -Mean annual evaporation (E') for selected areas com- 
puted by means of the energy equation (equation 4) compared 
uith mean annual evaporation (E'') computed by the turbu- 
lence equation (equation 5) 


Ocean Latitude Longitude EK’ EY E/E” 

North Atlantic 10O-45N 20-50W 184.0 88.3 0.95 
Do 20-25N 25-65 W | 167.5 | 94:2 1. 78 
North Pacific 1O-45N 1IOW-—150E 67.7) 55.8 1 So 
Do 20-25N 1L30W-140E 148. 2 |113: 2 lL. 3] 
Average 116.8 | 87.9 l. 32 


! Centimeters per vear. 


Except in one case, the values derived from equation 5 are 
lower than those computed from equation 4. The mean 
annual evaporation for the four areas is 87.9 centimeters per 
year when computed from turbulence considerations and 
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116.8 centimeters per year when computed on an energy and North Pacific Oceans during winter (D 
available basis. Jacobs attributes this difference to inaccu- February) and during summer (June, Ju 


racies in humidity observations. Assuming the differences the values of evaporation had been obt 

as being consistent, he prepares a correction factor nverace Bowen formula equation 5) to obtain a sim 

of E’/E’’=1.32) which he applies to equation 5, obtaining of values of sensible heat given off from 

Rstiation 6 E—0.143 ( 1" atmosphere Charts showing the distribu 
, tion rates and sensible heat loss from 
Using equation 6 and available climatic data over the interest to the meteorologist Who Is) CO 

oceans, Jacobs (10) has computed mean daily evaporation amount of latent energy in the form of wat 

rates within each 5-degree square over the North Atlantic is rendered available for meteorologica 


140° 


en 


Figure 3. 1. Distribution of mean daily evaporation rates (in grams of water per square centimeter of surface or in centimeters of water 


and North Pacific Oceans during winter (December. January. February 


B. Distribution of mean daily evaporation rates over the North Atlantic and North Pacific Oceans during summer (Jur July 
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the amount of heat added to or subtracted from the lower 
layers of the atmosphere. All water areas of importance as 
source areas or as modifying regions for air masses of the 
United States are included in Jacobs’ investigations. 

Reference to figures 3, 4, and 5 shows the following facts 
concerning the evaporation rates over the North Atlantic 
and North Pacific Oceans: 

Evaporation over the oceans is nearly everywhere 
greatest in winter, least in summer and greater in autumn 
than in spring. The only major exceptions are near the 
Equator in the eastern parts of both oceans where the 
maximum occurs in summer, and in the south-central tropi- 
cal North Pacific where there is a slight maximum in spring 
(fig. 3). 

The regions of greatest evaporation are those of north- 
erly flowing ocean currents; i. e., along the western sides of 
the oceans within the Kuroshio and the Gulf Stream. 
Secondary areas of high evaporation occur within the tropical 
trade-wind belts of both oceans where a high evaporation 
rate is associated with dry descending air currents in these 
regions. The regions of least evaporation are those of 
southerly flowing ocean currents along the extreme north- 
west coasts and along the eastern sides of the oceans. Low 
evaporation rates are also found in the eastern equatorial 
belts of both oceans where a low evaporation is associated 
with the northerly flowing cold currents from the Southern 
Hemisphere which cross the Equator in these regions. In 
winter, evaporation reaches values as high as 1.14 centi- 
meters a day in the Gulf Stream and 0.94 centimeters a day 
in the Kuroshio. In midlatitudes along the eastern sides of 
the North Pacific, the winter evaporation is of the order of 
0.15 centimeters a day and in the eastern North Atlantic 
0.25 centimeters a day. 

The zones of maximum annual evaporation in the 
North Atlantic occur farther north than in the North Pacific; 
viz, within the latitude range 35° N. to 40° N. in the Atlantic 
and within the latitude range to 25° N. to 30° N. in the 
Pacific Ocean (fig. 4). 

4. The seasonal variations of evaporation are greatestin 
midlatitudes and along the western sides of the oceans and 
somewhat greater in the North Atlantic than in the North 
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Ficure 4.—Seasonal values of evaporation for various latitudes in the North 


{tlantic and North Pacific Oceans. 


Evaporation is a positive quantity for all oceans except 
during summer for several small areas at high latitudes in 
the northwest portions where condensation of water vapor 
on the sea surface occurs. 

It should be mentioned that the mean seasonal data shown 
in figures 3 and 4 are by no means representative of instanta- 
neous conditions over the oceans. Nonperiodic variations 
in the rates of evaporation over the oceans do occur and the 
areas of maximum and minimum evaporation also vary in 
both intensity and position. For example, over the Kuroshio 
and the Gulf Stream, at times of outbreaks of cold, dry air in 
winter, the evaporation values may occasionally be extremely 
high. On the other hand, when polar fronts are located 
near the east coasts and the air masses over the sea are of 
southerly origin (i. e., moist and warm), the evaporation in 
these areas must reach low values. 


The Total Evaporation Over the North Pacific and 


North Atlantic Oceans 


The total volume of water evaporated from the Atlantic 
and Pacific Oceans between the Equator and 60° N. is shown 
in figure 5. These values are quite different from those in 
figure 4 representing the evaporation per unit area surface 
because of the unequal distribution of areas of sea surface at 
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Ficure 5.—Total volume of water evaporated over the North Atlantic and 
North Pacific for various latitudes and seasons. 
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various latitudes over the Northern Hemisphere. The curves 
show that the greatest quantity of water is evaporated in the 
lower latitudes during all seasons and that the quantity is 
greatest in winter, least in summer, and somewhat greater 
during autumn than in spring. 

Although the area of the North Pacific between the 
Equator and latitude 60° N. is 67.1 percent of the total area 
of both oceans between the same parallels, it accounts for 
only 66.5 percent of the total water evaporated from both 
areas, because of the slightly greater rate of evaporation in 
the North Atlantic. The total volume of water evaporated 
from the North Pacific during the course of the year averages 
90,232.4 cubic kilometers, which is equivalent to an evapora- 
tion rate of 111.4 centimeters per year. The total volume of 
water evaporated from the North Atlantic during the year 
amounts to 45,490 cubic kilometers per year, equivalent to a 
mean depth of 114.8 centimeters of water evaporated annual- 
ly. The quantity for both oceans is 135,722.4 cubic kilo- 
meters, which is equal to a rate of 112.5 centimeters per year. 
The higher evaporation rate in the Atlantic appears to be 
caused by a smaller amount of heat given off to the atmos- 
phere. There is also some evidence that cloudiness is greater 
over the North Pacific than over the North Atlantic. If this 
is true, it means that the North Atlantic has a slight excess 
of energy at the surface available for evaporation. 

As mentioned previously, Wiist (20) has derived values 
for the mean annual evaporation rates at various latitudes 
in the oceans by reducing shipboard pan observations. His 
figures, which are for 5-degree parallels in the North Atlantic 
and North Pacific, extend only from the Equator to 40° N., 
however. By taking the mean of Wiist’s values for three 
adjacent 5-degree parallels as being representative of the 
mean evaporation within each 10-degree latitude zone, his 
figures show an evaporation of 127.5 centimeters per year 
for the North Atlantic and 118.3 centimeters per year for 
the North Pacific. Considering the widely different methods 
used by Jacobs and Wiist, the high degree of correspondence 
between their results is remarkable. 


TABLE 2.-— Average annual evaporation rates as computed by W iist 
(in centimeters per year) 


Latitude 


Ocean 
0 5 40° | 15° | 207 | 25° | 30° | 35 10) 
North Atlantic : 116, 105 182 145 149 140 121 107 94 
North Pacific 116, 102, 123; 128) 130: 127)' 116 106 94 


McEwen (13) and Mosby (15) have computed mean 
annual evaporation rates from the oceans on the basis of 
the amount of energy available. Mosby, using recent 
measurements of radiation and assuming R (i. e., Q./Q.) 


equal to 0.1, arrived at a figure of 106 centimeters per year 


as the average for all oceans. McEwen’s computed evapora- 
tion rates for the North Pacific are presented in table 3: 
26940—58——2 


TABLE 3.—-Average annual evaporation rates for the North Pacific 
Ocean, as computed by Mckwen (in centimeters per year 


Latitude 


20° 25 30 35 10) 5 50) 


Evaporation 127 122 113 107 86 66 56 


Wiist’s calculations showed the average annual evaporation 
for all the oceans to be 93 centimeters per year, and he con- 
sidered this figure correct within 10 to 15 percent 


Annual Variation of Evaporation From the Ocean 


Mention has already been made of the seasonal variations 
in evaporation as computed by Jacobs. Sverdrup (18) has 
computed more exactly the character of the annual variation 
of evaporation for a particular geographic locality by means 
of energy equations. Figure 6 shows his results for an area 
in the eastern North Atlantic located at 47° N., 12° W. The 
curve represents the total amount of heat given off to the 
atmosphere; 1. e., both as sensible and latent heat. The 
greater part of this heat is used for evaporation so that the 
curve represents approximately the annual variation of 
evaporation. The curve shows a maximum in fall and early 
winter and a secondary maximum in March. In June and 
July no evaporation takes place; a secondary minimum occurs 
in February. At this locality the total evaporation during 
the vear is about 80 centimeters. 


Diurnal Variation of Evaporation From the Ocean 


Since evaporation must equal the amount of water vapor 
which is transported upward from the surface by processes 
of eddy diffusion, the diurnal variation of factors influencing 
this process will give a clue to the character of diurnal varia- 
tion of evaporation. The upward transport of water vapor 
depends mainly upon wind velocity, the difference between 
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Ficure 6.—Character of the annual variation of evaporation. 
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vapor pressure at the surface and in the air a short distance 
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Physi ‘al Basis of Water Supply for the 
United States 


BP. W. Reicuecperrer. Chief, United States W eather Bureau 


Source of Moisture 


Excepr for a small quantity of water newly created by 
chemical processes, the ultimate source of all moisture is the 
ocean. For the most part, the net amount of water available 
on the earth in liquid form, or as ice or snow, remains constant. 
Geologists have shown, however, that over long periods of 
time, storage in the vast reservoir of the ocean changes as 
water is temporarily confined in glaciers of huge proportions. 
Through the intricate and not vel fully understood pattern 
of evaporation, transport of water vapor over land, precipita- 
tion, and runoff (the hydrologic cycle), the same water is used 
again and again. It is, therefore, a virtually inexhaustible 
resource— vital to all plant and animal life, important for 
transportation, waste disposal, manufacturing processes, and 
in the production of power. 

In order to use this most valuable resource with greatest 
benefit, as complete an understanding as possible concerning 
the disposition of water over continental surfaces is essential. 
It must be known what access various regions have to precip- 


itation, both seasonally and annually (the availability of 


precipitation). It must be determined how precipitation 
varies through the vear and from vear to vear (the variability 
Information must be available on the occurrence of precipita- 
tion seasonally, annually, and from year to vear (the relia- 
bility). [tis further necessary that there be an understanding 
of the consumption of water and its use after it has started 
to move through or over the land. 


The ‘Transport of Water Vapor 


A highly generalized picture of the large-scale circulation 
which would hold true if the earth had a uniform surface 
With the earth divided into land and 
ocean masses, however, and beeause the rates of heating 


appears in figure 8. 


and cooling differ over land and water, the idealized circu- 
lation is broken down into numerous cells of high and low 
pressure, as shown in figure 9. These high- and low- 
pressure areas Vary with the season, but are fairly constant 
within the season (e. g., high pressure over cold land masses 
in winter, with low pressure over the comparatively warm 
water, and the reverse in summer). 


Superimposed on the general seasonal circulation pattern 
are moving areas of high and low pressure. The areas of 
low pressure, also called “lows’’ or “evelones, normally 
travel from west to east across the United States, taking a 
variety of paths. (See fig. 10 The paths of lows also 
fluctuate with the seasons—that is, they are generally 
farther south in the winter and farther north in the summer 

Since the ocean is the principal source of moisture for 
the production of precipitation, it is not strange that most 
storms occur In conjunction with the mass movements of 
air from maritime regions. For the United States, the 
source areas for such air masses are the Atlantic and Pacific 
Oceans and the Gulf of Mexico. Thus, the major storms 


are intimately associated with strong flows of warm, moist 
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hiGure 8.-—Generalized circulation in the Northern Hemisphere. 


Forees That Release Preeipitation 
I 


The mechanisms which work to produce precipitation are 
essentially of four types. In one type of storm (fig. 11 
the mountains along the west coast form a barrier to the 
flow from the Pacifie; the air is foreed to rise, and cools as 
it does. The moisture in the air is condensed by the cool- 
ing, and then falls as rain or snow. ‘This type of precipita- 
tion is referred to as orographie. 

Characteristic of rainfall in the eastern portion of the 
country is the cyclonic type of storm (fig. 12 This type of 
storm is a result of the interaction of two masses of air one 
cold, the other warm. The boundary between these air 


11 
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masses is termed a ‘‘front,’’ and the greater the difference 
between the two air masses (temperature, moisture content, 
etc.) the sharper the front. Since cold air is denser and 
heavier than warm air, when the contrast between the air 
masses becomes sharp the front is no longer in a state of 
equilibrium. A wavelike ripple will appear on the front, and 
an area of low pressure will develop around it. The cold air 
usually advances faster than the warm, with the result that 


7eo 





the warm air is lifted by the advancing front. The wave 
which appeared on the front earlier becomes more pronounced, 
As the warm air is lifted by the faster-moving cold air, 
it cools; the moisture condenses, and showers occur behind 
the leading edge of the cold air, or sometimes just ahead of it. 
In the northern part of the low the cold air moves parallel 
to the front, while the warm air advances. For lack of a 
place to go, the warm air rises over the cold, with precipita- 


Ficure 9.—Normal distribution over the Northern Hemisphere in January. 
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storms are initiated by the rising of moist air which is heated 
excessively at the earth’s surface. Strong upward air currents 
develop and, as other air rushes in to take the place of the 





\ AN ie Once | is continued, the thundercloud builds up and finally releases 
f p Tampa b . 


rising air, an overturning motion is created. As this pattern 
| its pent-up moisture in showers. This type of storm may also 





occur in conjunction with a weak frontal system (fig. 14 
A fourth type of storm, the hurricane or tropical storm, 


Figure 10.— feerage January cyclone paths. is prevalent during the late summer and fall months in the 
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Gulf States and along the east coast. The tropical storm 
generally travels from east to west in the low latitudes, then 
swerves and moves northeastward as it advances into higher 
latitudes. In its northward movement into the higher 
latitudes, the tropical storm gradually loses its intensity, 
becoming modified as a typical cyclonic storm. The rains 
from this type of storm are usually steady and _ persistent, 
and the greatest amounts are generally observed near the 
coastal area where the storm crosses as it moves inland from 
the sea. The rainfall pattern associated with the hurricane 


of July 1916 is shown in figure 15. 
Distribution of Precipitation 
There are today approximately 3,000 automatic-recording 


rain gages in the United States. In addition, there are 
about 8,000 nonrecording gages where measurements are 


DAILY WEATHER MAP | er 


U. S. DEPARTMENT OF COMMERCE 


made by stick once every 24 hours. Although this may 
seem to be a large number of gages, it actually represents an 
average distribution of one gage to every 275 square miles. 
Over a period of years, the coverage is sufficient to deter- 
mine an average amount for annual, seasonal, monthly, and 
even weekly precipitation (figs. 16-22). These charts are 
In moun- 
tain regions sharp variations in precipitation may occur in 


least reliable in mountain areas and in dry areas. 


a small area as a result of the steepness of slopes, the direc- 
tion the slopes face (whether to windward or leeward), and 
the elevation. In dry areas, chance rainfall samplings from 
infrequent storms may unduly influence the averages. Also, 
the charts of average amounts of precipitation are also less 
reliable in areas where the network of rain gages is least 
dense. 

Although average rainfall may indicate certain broad 
regional characteristics, the frequency of rainfalls of various 
intensities and the rehability of rainfall are probably most 
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Sl 


important for an understanding of the seasonal distribution 


A of rainfall. Generally, such charts are drawn for individual 
" States rather than regions. Figures 23 and 24, however, 
My showing the minimum and maximum variability of precipita- 
id tion over the United States, are samples of analysis on a 
- regional basis. Many more studies of this kind should be 
is made in answer to specific domestic, industrial, and crop 
in needs. 
C- 
. Anticipated Precipitation 
m : i . aa as 
Charts of the probability or expectancy of precipitation 
ee can be prepared from analyses of climatic variables when 
os certain requirements or variables are stated. For example, 
if it is known that a particular crop needs a certain amount of 
- rain during its growing period (e. g., April to June and there- 
a after several months of a certain amount of sunshine, charts 
oe of the probability of occurrence of those climatic conditions 


in a particular region can be prepared. With the coming of 
machine tabulation and analysis of data, individual problems 
can be handled much more quickly. Certainly this type of 
information is invaluable in planning. 

When blueprints are drawn up for the distribution of labor, 
or estumates made of the production and allocation of mate- 
rial, forecasts of amounts of precipitation for a month or more 
in advance would be of inestimable value. Such long-range 
forecasts, however, are not now possible, and even 24-hour 
forecasts of the areal distribution of precipitation over a river 
This 


field of study gives promise of great contribution to the 


basin can still be considered in the experimental stage 


efficiencs of farm and industrial production, The major use 
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made of weather information at the present time, however, is 
not in the planning stage, but in the operational stage afte, 


the precipitation has fallen 


Disposition of Precipitation as Rain or Snow 
| I 


Of the precipitation which falls as a result of storms, a 
considerable portion does not complete the hydrologic cyel 
by returning Lo the ocean directly some ram is intercepted 


by plants, roofs, or other solid objects and soon evaporates 
back into the air. There is frequently a notable amount of 
evaporation from snow or ice surfaces. In hot dry climates 
all signs of rain from a sudden shower may disappear in an 
When a evelon Storm 


hour’s time——again, by evaporation 


passes, the moist tropical ulr associated with it is replaced 
by very dry polar air, and evaporation sets in at a brisk pac 
‘The chinook, or foehn wind, which becomes warmer and driet 
as if descends the lee of the Rocky Mountains to the Great 
Plains below, has been known to melt several feet of snow 
a matter of hours with scarcely anv appre Gable amount of 
water running off. The physical factors which go into 


mining the rate of evaporation include humidity a1 
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perature of the air, wind speed and gustiness, barometric 
pressure, and the purity of the water (degree of saltiness). 
Figure 25 indicates the amount of moisture which would 
evaporate into the air over the United States annually if 
moisture were constantly available. 

Plant life plays an important role in returning moisture to 
the air. The great quantity of water given off to the air by 
plants during the process of transpiration can only be appre- 
ciated when it is realized that several barrels of water are 
released into the air each day by a large tree in full leaf. 
Many experiments have been and are now being conducted 
in order to determine the water requirements of various types 
of plants during their growing period. 

Part of the water falling as precipitation goes to replenish 
the water held in the ground, part to the deep penetration 
into the rocky layer below the ground level, and part as water 
moving through the ground layers or in underground streams. 
In view of these temporary losses, the hydrologist must be 
able to predict day by day the volume of water which flows 
down the river basins in order that multiple-purpose or 
storage reservoirs may be operated at peak efficiency. A fore- 
cast of this kind is usually the result of extensive investi- 
gations of basin characteristics as they are related to the 
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Hurricane rainfall, storm of July 1916. 


distribution, intensity, and duration of precipitation. The 
condition of the ground surface of the basin before the fore- 
cast must also be given important consideration. Forecasts 
are usually prepared through use of multiple correlation 
graphs such as those illustrated in figures 26 and 27. These 
forecasts will be improved as the significance of additional 
variables is established, and as those variables are incorpo- 
rated into the preparation of forecasts. 


Artificially Induced Precipitation 


During the past few years much attention has been 
directed to the possibility of increasing precipitation by 
artificial means. Experiments in the laboratory have indi- 
cated that in many cases clouds of supercooled (below 
freezing) water droplets tend to remain in the liquid state 
for considerable lengths of time. It has been found possible 
to convert the liquid droplets into ice particles by intro- 
duction of a cold source such as solid carbon dioxide (dry ice). 
Similar effects have been produced by the introduction of 
various chemical agents, such as silver iodide and other 
halogen compounds, mercury, ete. 

Supercooled water-droplet clouds are also found in the 
atmosphere under certain conditions. During the winter 
months extensive decks of supercooled stratus clouds are 
often present. These cloud decks are rather even and 
regular in appearance, have limited thickness but contain 
only minute quantities of precipitable water. Seeding the 
tops of such clouds with dry ice or silver iodide converts the 
droplets to ice particles and often leaves a visible path or 
trench where the seeding has taken place. Traces of snow 
often fall from the cloud bases during these operations, but 
the amounts which reach the ground are negligible, due both 
to the low moisture content of the clouds and the evaporation 
between the cloud bases and the ground. It is generally 
agreed that little or no usable precipitation can be realized 
from seeding such clouds. 

The exact mechanism by which raindrops or snowflakes are 
produced from tiny cloud droplets or ice particles is not fully 
understood. Of the many suggested mechanisms, only two 
have been considered to be of practical importance. The first 
of these is the Bergeron-Findeisen theory which requires the 
coexistence of ice particles and supercooled water droplets in 
a particular region of the cloud. As a consequence of the 
difference between the vapor pressure over ice and water at 
the same temperature, the water droplets will evaporate and 
condense upon the ice particles, thus tending to form larger 
particles. The other mechanism is the collision and resulting 
coalescence of drops and of ice particles. Such collisions will 
occur between drops or particles of different sizes falling at 
different speeds in the gravitational field, and can also be 
caused by turbulent motions within the cloud. It is currently 
held that in middle latitudes precipitation is generally initi- 
ated by the first process, but that once the particles have 
grown to some extent the second process becomes the most 
important. Precipitation is known to occur in the Tropics 
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PHYSICAL BASIS OF WATER SU 


from clouds which are not supercooled, thus indicating that 
the first process is not absolutely essential. The relative im- 
portance of the first process cannot be exactly determined at 
the present time. 

The suggestion that precipitation can be increased arti- 
ficially is based on the assumption that in nature there exists 
a substantial number of clouds capable as regards moisture 
content of producing important quantities of precipitation 
but lacking sufficient ice particles for the initiation of pre- 
cipitation in accordance with the Bergeron-Findeisen mech- 
anism. The object of cloud-seeding experiments is therefore 
to increase the number of such particles toward some opti- 
mum value. Since excessive numbers of ice particles, as 
well as deficiencies, are supposed to inhibit the initiation of 
precipitation, the experimenter in working with this hypoth- 
esis is faced with the problem of determining how many 
ice particles should be present in a particular cloud, how 
many will be present from natural causes, and thus how 
many he will attempt to supply artificially. Uncertainties 
arise as to the effectiveness of the various types of seeding 
agents in the production of ice particles, as well as to the 
distribution of agents released from sources on the ground. 
Little is known of diffusion in the atmosphere except that it 
is an extremely variable quantity. Also, in the case of 
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Ficure 25.— Normal annual evaporation 


agents released from the ground, there is the question of the 
longevity of the agents as effective ice-particle producers. 
There has been little more than speculation as to the opti- 
mum number of ice particles in particular regions of various 
Further- 
more, the natural occurrence of ice particles in clouds at 


types of clouds for most efficient precipitation 


various temperatures on different days in various parts of 
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FIGURE 24. {nnual rainfall variability (maximum). 
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the country is little understood, and it is almost impossible 
to make intelligent estimates at the present time. 

In view of the many uncertainties attendant upon present- 
day attempts to increase precipitation, it is difficult to 
speculate upon the future of cloud seeding as regards prac- 
tical and general application to obtain additional precipita- 
tion in amounts economically worth while. Only very 
general statements can be ventured at present. Again 
reference is made to the uncertainties regarding the necessity 
or importance of ice particles in the precipitation mechanism. 
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The general lack of substantial precipitation from seeded 
stratus clouds has been already mentioned. Cloud systems 
associated with the large-scale middle-latitude storms pro- 
duce precipitation naturally without apparent difficulty, 
thus indicating that conditions are present for the initiation 
of precipitation. Cumulus clouds which do not build up 
sufficiently to reach temperatures where natural ice particles 
form in considerable quantities have been suggested as a 
possible untapped source of moisture. Such clouds in 
general have a relatively high moisture concentration and 
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Figure 26.— Rainfall 
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have considerable vertical development. The extent to reaction once the process had been started. There is, in 


which cloud seeding could increase precipitation from such 
clouds on a day-to-day basis has not been determined 
experimentally. 

It has been suggested that snowflakes produce many 
additional ice crystals or particles by a fragmentation process. 
If this proves to be the case, it would lower considerably 
the number of initial ice particles required for precipitation 


to begin, since they would be produced by a sort of chain 










fact, some evidence supporting the belief that clouds which 


] 
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have been precipitating for some time are in a natural 


“overseeded” condition, and would require removal rather 


than addition of ice particles for most efficient precipitation 


























Such considerations also bear on the question of the pos 
sibilitv of inadvertently ‘“overseeding” artificially, and of 
actually inhibiting precipitation. 
Due both to deficiencies in our knowledge of cloud physics 
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and the uncertainties inherent in tests conducted in the 
atmosphere, the nature and magnitude of the effects of 
seeding on the various weather parameters including precipi- 
tation, cloudiness, temperatures, circulation patterns, etc., 
are undetermined. Since it does appear possible to convert 
supercooled cloud droplets into ice particles by dry ice or 
other types of seeding, the hypothesis has been advanced 
that there should be a resulting effect on the probability of 
occurrence of precipitation, as well as a discernible difference 
in the production, nature, and dissipation of clouds within 
the affected area. It has also been suggested that changes 
in the precipitation regime and nature and type of clouds 
formed may also materially affect the development of second- 
ary and thence possibly the general circulation patterns. 
Since it is difficult to speculate on the degree to which any or 
all of these effects may exist, it is necessary at the present 
time to obtain estimates of such effects by actual experi- 
mentation in the atmosphere. Such experiments require 
statistical control in order to separate experimental results 
from the natural variability of the weather. Most, if not all, 
of the experiments thus far conducted and reported have not 
been designed to permit quantitative estimates of the effect, 
and the results are therefore inconclusive. 

In the case of dry-ice experimentation, the results have 
been variable. Many tests have been followed by precipita- 
tion which reached the ground, the amounts generally not 
being measured. In many of the tests precipitation was ob- 
served to fall from the bases of clouds soon after the seeding, 
but to evaporate before reaching the ground. In other cases 
no visible precipitation was seen to fall from the seeded clouds. 
A majority of all cases thus far reported have failed to pro- 
duce precipitation reaching the ground. In the cases where 
positive results seemed to have followed the seeding, some 
doubt appears to exist as to the number which can be defi- 
nitely ascribed to the seeding and the number in which pre- 
cipitation would have been released naturally. The tests 
were not randomized, and consequently are somewhat incon- 
clusive on this point. There seems to be fair agreement that 
conditions have to be somewhat favorable for natural rain 
before seeding can be expected to initiate precipitation. 
Consequently, it is found that in many cases where the seed- 
ing has been followed by rain or snow, precipitation was 
also falling naturally in the same general area. In a number 
the individual investigators considered 
the precipitation to be unique, and consequently due to 


of cases, however, 


seeding. 

The California Electric Power Co. has conducted a series 
of experiments on the crest of the Sierra Nevada Range in 
California in which statistical control appears adequate to 
permit a quantitative estimate of the effects of seeding on 


the precipitation falling over a particular watershed. The 
results of this operation are being analyzed by the powe: 
company and the Weather Bureau, and will be available ir 
the near future. 


Although it could be said that the lack of randomizatior 
has rendered a number of the tests rather inconclusive a: 
regards scientific proof, many would undoubtedly conside: 
the results as warranting further controlled experimentation 
with provision for estimating the variability of the effect 
under different meteorological, climatilogical, and orographi: 
conditions. 

Experiments with silver iodide smoke released from groun 
generators have been attempted by project Cirrus of th 
General Electric Co., by the city of New York, and exten 
sively by so-called “rainmakers”’ or ‘rain increasers,’’ par 
ticularly in the West. The only report on this type of opera 
tion appearing in the literature is by Langmuir of projec: 
Cirrus, in which it is claimed that almost all of the rainfal 
on two different days in the State of New Mexico was due t 
Reanalysis by the Weather Bureau o| 
certain of these claims showed no significant results, but 
because of the shortness of the tests they should probably be 
Preliminary analysis of the New 
York tests appear to indicate that long-term experimenta 
tion may be required in this and similar areas to determin 
In all of thes 
experiments it is necessary to provide a control, that is, som: 


silver iodide seeding. 


classed as inconclusive. 


seeding effects to any degree of certainty. 


means for separating out the effects produced by seeding 
from the natural occurrences of precipitation, ete. In many 
cases an adjacent area which will be relatively free from thi 
effects of seeding can be selected, and the precipitation in this 
area can be used as an index of the amounts that might hav: 
fallen in the seeded area if the experiment had not been con 
ducted. 
between adjacent areas is never found, and consequently 


However, perfect correspondence of precipitatior 


there always remains some uncertainty as to the true effects 
The greater the natural variability, th 
vreater the uncertainty. The size or magnitude of the seed 
ing effect will also contribute to this uncertainty. If the 
effect is small and the variability large, extensive tests are 
required to determine the existence and size of the effect 
If the effect is large, and the natural variability is small, « 


of the seeding. 


relatively short series of experiments will suffice. 

The present outlook is that many suitably controlled ex 
periments, probably lasting for considerable periods of time 
will be required to determine quantitatively the significance 
of cloud seeding in augmenting the Nation’s water resources 
and to define the meteorological conditions favorable an 
unfavorable for results of practical importance. 
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Evapotranspiration in the Hydrologic Cvele’ 


C. W. Tuorntawattre, Director. Laboratory of Climatology, Johns Hopkins University 


AmoneG the various climactic factors of hydrologic and agri- 
cultural significance, the return of moisture to the atmos- 
phere from natural land surfaces is the least well known. — In 
the form of precipitation or runoff, water is in the liquid 
state and can be measured by means of straightforward 
sampling techniques, but upon evaporating it becomes an 
invisible gas which mixes with the other gases of the atmos- 
phere and is disseminated through it. 

The soil is a reservoir which receives water from precipita- 
tion and from which it is withdrawn by evaporation and 
transpiration by vegetation. During a prolonged period 
without rain the soil moisture may be drawn upon until a 
deficiency that approaches the wilting point is produced and 
plant development is retarded and crop vields reduced. At 
the time of a storm, precipitation can partly or wholly 
replace the moisture that has been lost, but during the period 
following, evaporation and transpiration will again deplete 
the moisture supply. In determining drought hazard, 
measurement of the varying rates of evaporation and trans- 
piration is as essential as information concerning the amount 
and distribution of rainfall, because they determine the rate 
at which the water supply is consumed. 

The combined evaporation from the soil surface and trans- 
piration from plants, called “evapotranspiration,” represents 
the transport of water from the earth back to the atmos- 
phere, the reverse of precipitation. The rain gage measures 
precipitation within acceptable limits of accuracy. We 
know reasonably well how rainfall varies from one place to 
another over the inhabited parts of the earth and also how it 
varies through the vear and from one vear to another. On 
the other hand, no instrument has vet been perfected to 
measure the water movement from the earth to the atmos- 
phere, and consequently we know next to nothing about the 
distribution of evapotranspiration in space or time. 

We cannot tell whether a climate is moist or dry by know- 
ing the precipitation alone. We must know whether precipi- 
tation Is greater or less than the water needed for ey aporat ion 
and transpiration. Precipitation and evapotranspiration are 
equally important climatic factors. Since precipitation and 
evapotranspiration are due to different meteorological causes, 


Che material in this paper is adapted from previously published papers of the author tl 
ire listed in the bibliography. Grateful acknowledgement is made to the editors of the 
Geographical Review and the Annals of the Association of American Geographers for per- 


mission to reprint selections without change and for permission to use certain maps and 


diagrams, 


26940—533——-3 


they are not often the same either in amount or in distribu 
tion through the vear. In some places more rain falls month 
after month than evaporates or than the vegetation uses 
The surplus moves through the ground and over it to form 
streams and rivers. In other places, month after month, 
there is less water in the soil than the vegetation would use 
if it were available. There is no excess of precipitation and 
no runoff, except locally where the soil is impervious and 
cannot absorb the rain on the rare occasions when it falls. 
Consequently, there are no permanent rivers, and there is no 
drainage to the ocean. In still other areas the rainfall is 
deficient in one season and excessive in another, so that a 
period of drought is followed by one with runoff. The 
march of precipitation through the vear almost never coin- 
cides with the changing demands for water 

Where precipitation is in excess of water need, the climate 
is moist. Where the water deficienc, is large in comparison 
with the need, the climate is dry. Where precipitation and 
water need are equal or nearly equal, the climate 
humid nor arid: It is called subhumid. 


is neither 


Potential E-vapotranspiration as a Climatic Factor 


The vegetation of the desert is Sparse and uses little water 


because water is deficient. If more water were available, 
the vegetation would be less sparse and would use more water 
There is a distinction, then, between the amount of water 
that actually transpires and evaporates and that which would 


When water 


supply increases, as in a desert irrigation project, ¢ 


transpire and evaporate if it were available. 
vano 
transpiration rises to a maximum that depends only on the 
climate. This we may call ‘“‘potential evapotranspiration,” 
as distinguished from actual evapotranspiration. 

We know very little about either actual evapotranspiration 
We shall be able to meas- 


ure the first as soon as existing methods are perfected. But 


or potential evapotranspiration, 


to determine potential evapotranspiration is verv difficult. 
Since it does not represent actual transfer of water to the 
atmosphere but rather the transfer that would be possible 
under ideal conditions of soil moisture and vegetation, it usu- 
ally cannot be measured directly but must be determined 
experimentally. Like actual evapotranspiration, potential 
evapotranspiration is clearly a climatic element of great im- 
portance. 
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Precipitation is a strictly physical process, which meteorolo- 
gists have investigated in much detail. Evapotranspiration 
is likewise a physical process, vet since it is subject to bio- 
logical control it must be studied by methods unfamiliar to 
the meteorologist. Information concerning evapotranspira- 
tion has come chiefly not from the meteorologist but from 
the biologist. For this reason it is necessary to make use of 
the literature and apply the methods of plant physiology. 
Nevertheless, evapotranspiration represents the return flow 
of water to the atmosphere and is thus an important meteoro- 


logical process 


The Measurement of Evapotranspiration 


The only method so far developed that measures the actual 
evapotranspiration froma field or any other natural surface 
without disturbing the vegetation cover in any way is the 
so-called “‘vapor transfer’? method. Water vapor when it 
enters the atmosphere from the ground or from plants is 
carried upward by the moving air. It is carried upward in 
small eddies or bodies of air that are replaced by drier eddies 
from above. Although we cannot see water vapor, we can 
measure it in the air. We find that when evaporation is 
taking place the amount of moisture is greatest in the air 
near the ground and decreases with distance above it. If we 
determine the rate at which the air near the ground is mixing 
with that above it and at the same time measure the differ- 
ence 1p water-vapor content at the two levels, we can deter- 
mine both the rate and the amount of evapotranspiration. 
Furthermore, we can determine equally well the amount of 
water condensed as dew. 

This method is not easy either to understand or to use. 
It is hard to use because it requires physical measurements 
Furthermore, the 
coefficient of turbulent transfer of air is not a constant. It 


more precise than are usually made. 


varies from time to time and from place to place. It even 


varies with height at a given time and place. In spite of 
these difficulties the method can be perfected and will 
answer many important questions for climatology and 
biology. 

Scientists have tried in various ways to determine the 
amount of water used by plants. One of the earliest attempts 
was to remove leaves or branches from a plant, let them dry 
for a brief time, and weigh them to see how much water they 
had lost. Another method is to place plants in sealed con- 
tainers and measure the moisture that accumulates in the 
confined — air. have thousands of 


Kxperimenters grown 


individual plants in pots, weighing them periodically to 
determine the evapotranspiration losses. These methods 
are highly artificial, and generalization from them sometimes 
vives fantastic results. For example, in a German study 
transpiration from apn oak woodland was computed as being 
more than eight times the total rainfall. 

There are other less artificial methods of determining both 
water use and water need. In some irrigated areas rainfall, 


water applied by irrigation, and water outflow are all meas- 


ured. The fraction of the water applied that does not run 
off is the evapotranspiration. Ina few isolated spots, mostly 
in western United States, irrigation engineers have deter- 
mined the evapotranspiration from plants growing in sunken 
tanks filled to ground level with soil in which water tables 
are maintained at different predetermined depths beneath the 
soil surface. 

Since 1946 increasing thought has been devoted to the 
problem of measuring potential evapotranspiration and an 
It con- 
sists of a large soil tank so constructed that plants can b: 


instrument has been developed and standardized. 


grown in it under essentially field conditions and can be pro- 
vided with water as they need it. The tanks are four square 
meters in area and contain soil to a depth of approximately 
50 centimeters. They have means for subirrigation from a 
supply tank designed so that actual amounts of water used 
can be accurately measured. In time of rain excess wate! 
drains through the soil and into an overflow tank and is 
similarly measured. 


Thus, every term in the hydrologi 


equation except evapotranspiration is measured. Therefore, 
it can be determined. 

Evapotranspirometers have been installed in the Canadian 
Arctic, in Trinidad, near the equator, and in Tierra del Fuego 
At the end of 1950 
there were four installations in Canada, one in the United 
States, two in Mexico, one in Trinidad, British West Indies, 
five in Argentina, and others projected in New Zealand, 
Japan, and the Belgian Congo. 


near the southern tip of South America. 


Continuous records since 
1947 have been obtained in Toronto, Ontario, and in Sea- 
brook, N. J. 

Although the various methods of determining potential 
evapotranspiration have many faults and the determinations 
are scattered and few, we get from them an idea of how much 
water is transpired and evaporated and how much would be 
if it were available. We find that the rate of evapotranspi 
ration depends on four things: Climate, soil moisture suppl 
plant cover, and land management. Of these the first two 
prove to be by far the most important 

Some scientists have believed that transpiration serves no 
useful purpose for the plant. We now understand that 
transpiration effectively prevents the plant surfaces that are 
Most plants 
The energy of the sun combines 
water and carbon dioxide in the leaves into food, which is 


exposed to sunlight from being overheated. 
require sunlight for growth. 


later carried to all parts of the plant and used in growth 
This process, which is called ‘photosynthesis,’ is most 
efficient when the leaf temperatures are between 85° and 
90° F. But a leaf exposed to direct sunlight would quickly 
become much hotter if the energy of the sun were not disposed 
of in some way. The surface of dry ground may reach a 
temperature of 200° F.; temperatures higher than 160° F 
have been measured one-fourth of an inch below the ground 
surface. 

The plant is admirably designed to dissipate heat, the 
leaves being like the fins of a radiator, and some of the excess 
heat is conducted into the adjacent air and carried away 


In this way the air is heated. But some of the excess heat 





PHYSICAL BASIS OF WATER SUPPLY AND ITS PRINCIPAL USES ZF 


n energy is utilized in transpiration, to change water from year to another. Actual determinations are so few that it 
\ a liquid into a vapor. Most of the heat of evaporation must would be impossible to make a map of any area by means 
. come from the plant. Thus, the greater the intensity of sun- of them. At the present time the only alternative is to 
n shine, the greater will be the tendency to overheating, and discover a relation between potential evapotranspiration 
Ss the larger will be the transpiration of a plant exposed to it, and other climatic factors for which there are abundant 
e if water is available for the process. data 

Bernard has determined the proportion of the solar energy 
r utilized in the transpiration process in the tropical forest of 
n the Belgian Congo. He says that direct evaporation from Potential Evapotranspiration in the United States 
the soil in the virgin forest is negligible, the annual evapo- 
r transpiration consisting in part of water intercepted by the Unfortunately, there are few controlled experiments ot 
various strata of the vegetation but chiefly of the water the relation of transpiration to temperature. The most 
y transpired by the vegetation. By subtracting runoff from reliable measurements of transpiration and evaporatior 


\ precipitation he found the annual evapotranspiration to be together are for long periods of time. When only m 


a 139.5 centimeters. To vaporize this large amount of water or annual totals of evapotranspiration are available, the 
“cl an average of 223 gram-calories of heat per day is required. temperature relation cannot readily be determined 
Cl Since the solar energy received daily is estimated at 300 The determinations from irrigation projects have show! 
Is gram-calories, almost. precisely 75 percent goes into the that potential evapotranspiration is high in the southern 
1 evaporation of water. part of the United States and low in the northern part an 
7 Transpiration is a heat regulator, preventing temperature that varies greatly from winter to summi om tl 
excesses in both plant and air. Dew formation at night is evapotranspirometer data it has been found tha vher 
an the reverse of this process and tends to prevent low-tempera- adjustments are made for variation in dav leneth, there ts 
0 ture extremes, since the heat released goes mainly to the a close relation between mean monthly temperatur 
50 plant. Both transpiration and growth are related to tem- potential evapotranspiration. Study of all available « 
ed perature in the same way has resulted in a formula that permits the computation of 
PS , Atmospheric elements whose influence on transpiration potential evapotranspiration of a place if its latituce S 
dd, has been studied include solar radiation, air temperature, known and if temperature records are availabl 
ce wind, and atmospheric humidity. These factors are all formula is given and its use described elsewhere 
- interrelated. Although solar radiation is the basise factor, Figure 28 shows the distribution of ave rage ann 
there seems to be a closer parallelism between air tempera- potential evapotranspuation in the United States : 
ial ture and transpiration. ‘The temperature of the transpiring based on normals of some 3.500 Weather Bureau stations 
ns part is most closely related to the rate of transpiration revised to L950 The average abba water need rh othe 
ch Transpiration and growth are both affeeted in the same United States ranges from less than 18 inches in the hiegl 
by With by Variations in soil moisture. Both accelerate to an mountains of the West to more than 60 inches 
p! optimum with increase of available water in the root zone of solated areas in the deserts of Arizona and southern Ca 
1 the soil Above the optimum both are less, presumably lornia. It is less than 21 inches along the Canadiai orde! 
Wo because of poor aeration of the soil, which results in a lack of of the eastern United States and more tl it tS inches 
oxvgen to supply the roots and an excess of carbon dioxide Florida and southern Texas 
no On the other hand, as water in the soil increases above the Although potential evapotranspiration and precipitatiol 
int optimum for growth, direct evaporation from the soil surface are independent climatic elements, in arid ré SCIONS pol 
are also continues to increase. evapotranspiration Is une reased because of the hichet 
nts We do not yet know how much we may increase or decrease time temperatures due to the absence of clouds and rain and 
nes transpiration by varving the type of plants or by modifying because of the small actual evapotranspiration. The values 
1 is the plant cover. Since transpiration regulates leaf tempera- in the Colorado and Gila Deserts, higher than in the tropical 
th ture, and since most plants reach their optimum crowth at rain forests of Africa, are examp!| s In the arid section otf 
Ost about the same temperature, we probably cannot change 1 the Columbia River Vallev between Washington and Ore ron 
ind very much except by reducing the density of the plant cover the potential evapotranspiration is more than 30 inches 
kl and thus wasting a part of the solar energy. If all the whereas it is only about 21 inches in the same latitude in th: 
sed vegetation is removed from a field, there will be no transpi- eastern United States. 
ha ration. But as long as the root zone of the soil is well 
Ie supplied with water, the amount of water transpired from a 
and completely covered area will depend more on the amount of The \ ater Balance 
solar energy received by the surface and the resultant tem- 
the perature than on the kind of plants. The march of potential evapotranspiration through the 
cess Since potential evapotranspiration is an important cli- year follows a uniform pattern in most of the country It is 
yay Inatic element, we need to know its distribution over the negligible in the winter months as far south as the Gulf 


reat earth and how it varies through the year and from one Coastal Plain and is only 2 inches a 


month in southern 
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PHYSICAL BASIS OF WATER 
Florida. It rises to a maximum in July that ranges from 
5 inches along the Canadian border to 7 inches on the Gulf 
coast. In some mountain areas and along the Pacific coast 
it does not reach 5 inches in any month. 

The march of precipitation is highly variable from one 
region to another. In much of the United States more than 
half the rain falls in the growing season. In the Pacifie Coast 
States the distribution is reversed, with most of the rain 
falling in winter. In most places the precipitation is less 
than the need during a part of the year. 
rainfall water is stored in the soil. 


In times of excess 
The part of this water 
that is within reach of roots is used before the plants begin 
to suffer. 

There are very few actual observations of the amount of 
moisture in a soil that can be absorbed by the plants to per- 
mit optimum rates of transpiration. Comparative data for 
cotton, alfalfa, and orange trees growing in various types of 
soil are given in table 4. They are representative of data 
They 


indicate that the amount of water removed by plants from 


available for other soils and other kinds of vegetation. 


various depths of the soil depends on the distribution of 
active absorbing roots at different depths, which is dependent 
The data 
in table 4 show that the water obtained from the upper foot 


on type of soil rather than on kind of vegetation. 


of a sandy soil comprises only about one-third of that readily 
available to the plant roots, whereas the water obtained 
from the upper foot of a heavy clay is two-thirds of the usable 
In all but the heaviest soils the 
roots ramify so completely through the upper foot of the 


water in the soil column. 


soil that essentially all of the available moisture can be ob- 


tained. At lower depths, with less complete root ramifica- 


SUPPLY 
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29 
water is unobtainable. The amount unavailable to the plants 
varies with soil texture and depth. This results in the sur- 
prising fact that the amount of water in the root zone avail- 
able to plants is nearly constant over a wide range of soil 
and vegetation types. Although the moisture equivalent of 
the soil in the above examples ranges between 32.3 and 10 
3.5 the 
total water in the root zone that is available to plants ranges 
ly 4.05 inches. 
lving bedrock or hardpan the storage capacity of usable 
On the other hand 
deep, well-aerated silt loam soils may hold more than four 
of Nevertheless, in 
the amount of water available to plants ts far less 


percent and the wilting percentage between 16.9 and 


only between 3.90 and In shallow soils over- 


moisture must be less than four inches. 


inches usable moisture. agricultural 


soils, 
variable than conventional studies of soil moisture would 
indicate. 

Drought does not begin immediately when rainfall drops 
Motsture that the 


soil at times of rainfall excess and is within reach of roots 1s 


below the water need. accumulates 


ith 


used before the plants being to suffer. The amount of water 


in the root zone available to plants varies with the soil 
structure and with the distribution of roots but under ordi- 


nary circumstances is equivalent to about 4 inches or 10 


centimeters of rainfall, This value was used in making the 


curves comparing water need and precipitation at four 


selected stations in the United States which are presented 
in figure 29. 

In Columbus, Ohio, the potential evapotranspiration is 
negligibly smali in the three winter months and rises to 
about 6 inches in July. At the same time the precipitation 


far from 3 inches 


is not in every month. Consequently 
tion through the soil, a varving quantity of the available there is too much rain in winter and too little in summer. In 
TABLE 4.—Percentage and amount of water obtained by plants from various depths in the soil 
Item Crop Soil First foot Second foot Third foot Fourth foot Fifth foot | Sixth foof Sour 
Pe cent Percen Pe ce { Pe cen Ps ( Pe ent 
1 Cotton Heavy clay 66. 0 15. 9 6. 1 5. 2 D. 7 os 
2 do Sandy loam 34. 6 21. 2 20. 7 12. 5 1. 9 
3 do Clay loam 33. 2 25. 6 RG..c 12. 6 6. 7 is 
1 | Alfalfa Fine sandy loam 17. 0 15. 0 15. 0 12. 0 8. 0 LO ‘ 
5 | Orange trees, mature Sandy loam 37. 0 0. 0 15. 0 11.0 1 0 0 
} Water obtained from 
7 : Available : ee 
‘ield ca- \ ure Wilting pail ins 
ie | ee | Re | ee 
MECILYV eq faien vercentage Re ; ; 
first, foot First foot Second foot Third foot Fourth foot Fifth foot Sixth foot Potal 
Percent Percent Percent Inches Inches Inches Inches Inches Inches Inches IT nche 
l a9 16. 9 2. 65 2.65 0. 64 0. 25 0. 21 0. 23 0. O4 1. O02 
2 11.0 10. 0 3. 0 i: So 1. 35 1. 06 S] 19 19 , On 
3 16.8 8. 0 1. 35 1. 35 1. O4 70 51 27 18 1. 05 
t 22. 0 1. 90 1. 90 61 61 18 39 12 1 O4 
5 = 15. 4 8. 5 1. 50 1. 50 1. 21 61 15 16 12 1 O05 
Adams, Frank, F. J. Veihmeyer, and Lloyd N. Brown. Cotton irrigation investigations in San Joaquin Valley, Calif., 1926-35. Univ. Calif. Agr. Exp. Sta. Bull. 668, 1942, p. sf 
? Beckett, S. H., and Carroll F. Dunshee. Water requirements of cotton on sandy loam soils in southern San Joaquin Valley. Univ. Calif. Agr. Exp. Sta. Bull. 537, 1932, 7 
Harris, Karl. and R. S. Hawkins. Irrigation requirements of cotton on clay loam soils in the Salt River Valley. Univ. Ariz. Agr. Exp. Sta. Bull. 181, 1942, p. 425 
4 Fortier, Samuel. Irrigation practices in growing alfalfa. USDA Farmers’ Bull. 1630, 1940, p. 2 (data from experiments ma de at Scottsbluff, Nebr 
‘ Pillsbury, A. F., O. C. Compton, and W, W. Picker, Irrigation water requirements of citrus in the south coastal basin of California. Univ. Calif. Agr. Exp. Sta. Bull. 6s¢ 44, p. 10 
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o———o Rate of potential evopotronspiration (inches per month) 
X————x Rote of precipitation (inches per month) 
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Figure 29.— Relation between precipitation and potential evapotranspiration at selected stations. 














PHYSICAL BASIS OF WATER SU 


midautumn, when water need falls below precipitation the 
surplus rainfall at first recharges the soil moisture. There- 
after it raises ground-water levels and produces surface and 
subsurface runoff. In spring both transpiration and evapo- 
ration increase rapidly and soon water need surpasses pre- 
cipitation. At first the excess demands for water are satis- 
fied by the soil moisture reserve. But by midsummer, when 
this reserve is exhausted the plants must rely solely on cur- 
rent rainfall and drought Although the winter 


water surplus is more than 11 inches, there is a summer 


ensues, 
water deficiency of 3.2 inches. 

Berkeley, Calif., exhibits a relative small seasonal varia- 
tion of potential evapotranspiration but a very large varia- 
tion of precipitation. Consequently, the summer water 
deficiency is large and the resulting drought long and severe. 
Still there is a substantial winter water surplus. 

In Brevard, N. C., every month has a surplus of rainfall. 
The total rainfall is more than twice the need. On the 
other hand, in Bakersfield, Calif., rainfall is deficient in all 
but the three winter months. The soil moisture recharge 
is only 1.5 inches during this period, however. The water 
deficiency in summer is more than 32 inches. 


Moisture Regions in the United States 


In order to obtain a moisture index the potential evapo- 


transpiration must be compared with the precipitation 


Where precipitation Is exactly the same as potential evapo- 
transpiration all the time and water is available just as 
needed, there is neither water deficiency nor water excess, 
and the climate is neither moist nor dry ‘ 


becomes larger with respect to potential evapotranspiration, 


As water de ficiency 
the climate becomes more arid; as water surplus becomes 
larger, the climate becomes more humid. Where there is 
a water surplus and no water deficiency, the relation between 
water surplus and water need constitutes an index of hu- 
midity. Similarly, where there is a water deficiency and no 
surplus, the ratio between water deficiency and water need 
constitutes an index of aridity. Since water surplus and 
water deficiency occur at different seasons in most places 
both must enter into a moisture index, the one affecting it 
positively, the other negatively. 

The distribution of the moisture regions of the United 
States, based on this moisture index, is shown in figure 30. 
These various hydrologic types, together with their limits 


are as follows: 


Il ydrologic 
ty pe 


\loistur 


Moisture index Hydrologic type 


\oist 


mid. 


\ Perhumid 100 and above. C> subhu- 0 to 20 
Bs Humid 
Bs Humid 
Be Humid 


B,; Humid 


SO to LOO 

60 to SO 

10 to 60 
oa 20 to 40 


C, Dry subhumid 20 to O. 
ID Semiarid 10 to —20. 
E Arid 60 to 10. 


PPLY AND ITS PRINCIPAL USES 31 


The moist climates of the East and the dry climates of the 
West are separated by moisture index 0, in a line that extends 
from western Minnesota southward to the Gulf of Mexico 
This is a very important line, since it separates regions of 
prevailing water surplus from those of water deficiency. 
Although dry climates predominate in the western United 
States, there is a belt of moist climates along the Pacific coast 
as far south as the San Francisco peninsula. Moist climates 
appear also as islands in the western mountains. 

Perhumid climates are not extensive in the United States 
They occur along the coasts of Washington, Oregon, and 
northern California and on the western slopes of the Cascades 
and the Sierras. There is a single small island in the high 
Rockies of Colorado, and other islands on high elevations in 
the Appalachians. 
perhumid. 


A narrow belt along the Maine coast is 
Humid climates are most extensive in the East, 
but they also oceur adjacent to perhumid climates on the 
Pacific coast and on high areas elsewhere in the West. Sub- 
humid climates are most extensive in the Middle West, wide 
belts of moist subhumid and dry subhumid extending from 
the Canadian border in Minnesota and North Dakota to the 
Gulf coast of Texas. Much of the Florida peninsula is moist 
West 


mostly as belts along the lower mountain slopes. The Great 


subhumid. Smaller subhumid areas oceur in the 


Plains and much of the intermountain region are semiarid 
Arid climate is most extensive in the Southwest There are 
Idaho 
\Iost of the San 


however, small arid areas in Washington 
Montana, Wyoming, Utah, and Colorado 


( yrecon 


Joaquin Valley of California is arid. 

Both rainfall and potential evapotranspiration vary from 
one vear to another. Thus the maps and curves presented 
above, which are made from long-time averages, tell only 
Even a 


partial story place like Brevard (fig. 29) may 


occasionally experience drought. The length and severity of 
summer drought in Columbus and Berkeley vary greatly from 
vear to vear. In order to determine how severe drought may 
be ina place, We must compare water need with water supply 
in individual vears. In this way we can determine how often 


water deficiencies of various amounts take place Fig 


ure 5] 


shows the water deficiencies during the 25-vear period 1920 
14 at four stations in agricultural areas of the United States 
Comparative moisture data of these four stations are given 


in table 5. 


TABLE 5.—-Comparative moisture data of selected stations (median 
values of 25-vear period 1920-44 
Pot 
. Actua 
re- vap \\ 
evap : Water 
Sstaty Cipl- ; rans 1 
nas o 
atio ra 
pira 
Tne hie Tne / I cl j / 
Havs, Kans 22. 13 31. 26 | 21. 02 0. OO 11. 30 
Charles Citv, lows 30.94 25. 91 23. 19 Ss. 9O 2. 4a 
Wooster, Ohio 35.63 | 26.46 | 23.82 | 11. 26 2 QI 


Auburn, Ala 19. S4 ao. 45 | 33. O7 18. 43 6. 73 
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Figure 30. 
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In the above table, the stations are arranged in order of 


increasing rainfall. In Hays, Kans., the least rainy station, 
the rainfall of half of the years is less than 22 inches: in 
Auburn, Ala., the rainiest, it is more than 50 inches. In 
Hays the median rainfall is about 10 inches less than the 
need, whereas in Auburn it is 10 inches greater. In Auburn, 
however, much of the rainfall comes at a time when it is not 
needed. It becomes surplus water and flows uselessly away. 
The maximum annual surplus is as much as 40 inches and 
is more than 20 inches nearly half of the time. 
Auburn, water deficiency is large. 


Thus, in 
The maximum deficiency 
is more than 16 inches; in 20 percent of the years the defi- 
ciency is more than 10 inches; and in 80 percent it is more 
than 5 inches. Water deficiency is likewise large in Hays, 
In Hays 
there is not enough rainfall; in Auburn there is more than 


ranging from nearly 20 inches to about 2 inches. 


enough but it is badly distributed through the year 

In both Charles City, lowa, and Wooster, Ohio, water 
deficiency is less than 5 inches in 70 percent of the years 
and less than 3 inches in half of the years. In Charles City 
it is less than 1 inch in 50 percent of the vears. Drought 
intensity and frequency are a little smaller in Charles City 
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than in Wooster. There Is also a lowe! 


Charles City; 8.90 inches compared with 11.26 inches 


water surplus in 

‘Thus, 
of the four stations, Charles City most nearly approaches 
the ideal climate for agriculture, for its water supply most 
nearly coincides with water need. 


\ Daily Water Budget 
If a farmer proposes to supply supplementary water to his 
crops when it is needed, he must have some practical means 
of determining how much water to use and when to use it. 
Scientists have developed instruments to find out how much 
water the soil contains. Unfortunately, they do not yet 
provide the farmer with a practical means of knowing when 
of drvness Da 


the soil has reached a dangerous stage apora- 


tion and transpiration deplete soil moisture and rainfall 
water needs of the 


simple 


restores it Thus if he knew the daily 


crop and the daily rainfall, it would be a matter to 
determine day by day the extent to which the moisture re- 
serve in the soil is being depleted Since the water need 


during a day depend mainly on the temperature 


ANNUAL WATER DEFICIENCY AT SELECTED STATIONS 
DURING 25-YEAR PERIOD 1920-1944 
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Ficure 32.— Soil moisture storage at Ithaca, N.Y. 
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length of day, we can compute the available moisture in the 
root zone by the method already described. Of course, the 
stage of development of the crop must be considered; a newly 
seeded field loses water for a time only by surface evapora- 
tion. 

Where a close-growing crop of perennials such as alfalfa or 
crass is involved, water needs not satisfied by rainfall can be 
determined quite accurately by computation. The com- 
puted soil moisture storage at Ithaca, N. Y., and the irriga- 
tions needed in the period 1940 through 1943 are shown in 
figure 32. During 8 vears at Ithaca the annual water defi- 
ciency ranged between 4 and 12 inches; the average was 9.25. 
During 13 years at Lake City, Mich., the range was also be- 
tween 4 and 12 inches, but the average water deficiency was 
only 7.38 inches. In order to prevent available soil moisture 
from falling more than 2 inches below a full supply at College 
Park, Md., supplemental irrigation would have been needed 


as follows: 


Number Number Number 
; of 2-inch ‘ of 2-inch of 2-inel 
Year applica- Yea applica- Yeat applica- 
tions Lions tions 

1932 6 L937 3 1942 
1933 1 1938 5 1943 7 
1934 5 1939_ s 1944 ‘ 
1935 5 1940_ if 1O45 3 

1936 a 194] S 


Differences in average vield of different localities are pro- 
portional to differences in drought incidence. The farmers 
of the East and Southeast get low returns from their work on 
the land partly because of high drought incidence resulting 
from the lack of coincidence between rainfall and water need. 
During much of the growing season the soil does not contain 
enough moisture, and in the nongrowing season a large water 
surplus impoverishes the soil by leaching. 


serious matte! 


To farmers everywhere drought is a 
Drought is hard to measure because we are not vet able to 


We do 


not know when to expect droughts or how intense they may 


determine very accurately the water needs of plants 


he. Therefore, we cannot be sure which moisture-conserva- 


tion measures may be best at a given time and_ place 


Droughts deserve real study. Only when we have learned 


how to measure evapotranspiration, both potential and 


actual, shall we be able to combat drought intellige nti 
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A Summary of the Water Situation With Respect to 
Annual Runoff in the United States 


W. Eb. Wratnuer, Director, United States Geological Survey 


A MAJor sourcE of the large supplies of water of relatively 
low temperature and good chemical quality for municipal 
and industrial use in the United States is from surface runoff 
water that is discharged from the land into surface streams. 
Runoff occurs chiefly as a residual of rainfall after Nature's 
take; that is, after the persistent demands of evaporation 
from land and transpiration from vegetation have been 
supplied. Except on a narrow fringe along the coasts, all 
excess rainfall and snowmelt drains as runoff through brooks, 
creeks, and rivers. This includes the outflow from ground 
water, in springs as well as the surface wash that follows a 
hard rain. 

The average annual runoff of a river basin, with few excep- 
tions, represents the limit of development of both the sur- 
face and underground water resources of the area. Any 
development in excess of this quantity must rely on water 
imported from other basins, on the using up of storage, or 
on the reduction of loss by evaporation and transpiration. 
A generalized map of annual runoff in the United States 
(fig. 33) presents the picture from the standpoint of total 
available water. The total annual discharge to the sea of 
all United States rivers amounts to around 1,800,000 cubic 
feet per second. About one-third of this is carried by the 
Mississippi River. 


Interrelationships of Runoff 


Runoff owes its origin, as does all fresh water, to rain or 
snow that has been precipitated on the continental land mass 
following a gaseous phase 9s water vapor in the atmosphere. 
Part of the total precipitation is locked up for long periods 
in ice fields and galciers, part goes into ground water that 
may move underground at a very slow pace or be held in 
storage, part is evaporated or moved by the transpiration of 
plants back into the atmosphere, and the rest, together 
with additions from percolating ground water during dry 
spells, runs off into streams, rivers, lakes, and finally the 
ocean. 

Thus the Nation’s streams are among our most valuable 
replenishable resources. 
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As such they come in for an in- 


creasing amount of attention on the part of all governmental 
In the course of the 
last half century the trend as noted by the President’s 
Water Resources Policy Commission in its three-volume 


agencies from Federal to municipal. 


report, is toward comprehensive development of entire river 
basins for multiple purposes. This involves power genera- 
tion, irrigation, navigation, industrial production, sanita- 


tion, reereation, and other uses. 


Measured Streams 


The annual runoff represents the total flow of a stream 
and the upper limit of all water potentially available for 
development. Consequently, this figure forms a convenient 
unit or base for many hydrologic investigations. At the 
present time observations of stream flow are made regularly 
at about 6,300 gaging stations located on all principal rivers 
and on a large number of their tributaries. 

Although the gaging station network covers 48 States, the 
density of coverage is greater along streams which are of 
immediate value or have large volumes of water. There are 
broad areas, chiefly in the West, or in the basins of small 
streams, where the number of stations is inadequate to give 
a satisfactory description of runoff. 

Variations in runoff from year to year and from place to 
place are dominantly associated with corresponding varia- 
It. is most important that facts be 
gathered wherever such water is used or even if use is only 
In addition to annual variations the total 
supply also fluctuates from day to day owing to transpiration, 
evaporation, and changes in stream flow and ground water 
seepage stemming from variations in precipitation, 


tions in precipitation. 


contemplated. 


Factors Influencing Quality and Flow 


Because water is brought into contact with materials that 
may affect its original purity, the quality of water itself is 
subject to continual change and must be carefully watched. 


Water in motion causes erosion. Sediments in great 
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quantity may be transported long distances before being 
deposited. This is another element in water quality that 
needs careful study and should be taken into consideration 
whenever large water use is contemplated. Other factors to 
watch, which vary with time and alter the total supply of 
water in an area, include temperature, amount of solar 
energy, wind, relative humidity, and ground cover. 

Temperature has been found to be especially important in 
its effect upon the itensity of the evapotranspirative processes 
and on the geographic distribution of runoff. A precipitation 
of 20 inches, for example, will result in more runoff in a region 
where the mean annual temperature is 50° IF. than in one 
where the average is 70 

Therefore the geographic distribution of average annual 
runoff as shown in figure 33 reflects to a high degree the 
variation in climate throughout the Nation. The ereatest 
annual supply of water at any point is in the foothills of 
the Olympic Mountains in the State of Washington wher 
the average runolf of the W vnoochee River nl Oxbow mach 
vear is greater than 150 inches. The smallest known mean 
annual rainfall, on the other hand, is probably in Death 
Valley, Calif... where the re corded average annual precipita- 
tion al Greenland Ranch, Invo County, amounts to less 
than an inch and a half. 

Because annual runoff is a remainder, it fluctuates to a 
much greater extent than does precipitation. This is why 
long-period gaging of numerous rivers Is necessary. Ga 
provides the only means by which we can adequately evaluat: 


our residual, usable liquid assets 


President's Water Policy Commission Findings 


The lnportance of this work to engineers and planning 
agencies is apparent in the special recommendations of the 
President’s Water Resources Policy Commission, which 
included advice that: 


Congress should make ample provision * # for compilat 
and analysis of the necessary basic information to assure sound 
prehensive multiple-purpose basin planning his 
geologic, hvdrologic, climatic, land and soil analysis, and 
data to meet the needs of the plannit y age ( 

Congress should require that all basin recommendations carry a 
precise statement as to the adequacy of the data upor 
are based * * * and should be prepared to withhold approval 


of recommendations in areas where the data are inadequat 


A survey program designed to supply the country with full geological 
ind hydrological knowledge of its surface and ground water resources 
ild be initiated immediately, with ample funds 
) ipilatic ot esse! il informatio1 


How Measurements of Water Are Made 


} 


DAsilh is Measured 


The collected discharge from a drainage 
at a racine station in cubte feet per second, However, it 
has become customary to express volume of runoff in terms 


of inches of water over the drainage area. This is done in 





order to facilitate comparison with other basins and with 
rainfall, and to simplify other hydrologic studies 

The total volume of water discharged, when divided by the 
drainage area, vields a quotient expressible in inches, which 
indicates the mean depth contributed by the drainage basin 
Quite naturally, this does not signify that each unit of area 
drained contributed equally. The depths of runoff contrib- 
uted by each unit of area Thay differ because of variation in 
precipitation ove! the whole basin or because of reology and 


topography 


Importance of Wise Water Use 


Grenerally speaking, Water Is at a premitum in those areas 
where the averace annual runofl isfess than | inel ilowever 


y l 
a vearly runoff of one inch represents a vield of more than 


17,000,000 gallons from each square mil Phis is about 
t8,000 gallons per day, or 53 acre-feet for the vear lf 
properly managed the 1 inotl from | square mm l hay ney only 
half an inch of annual runoff would norn \ ) 


} i 
1) acres of cropland Or SUpPDpIL\ 


150 peopl 
Some parts of the areas shown in figure 35 to hav 3s than 


lL inch of runoff are potentially the most prod 


cultural land in the country \ vast acreage of fertile land 
1t) those areas is irrigated through the use of Suriace Watel 
brought Irom nearby areas bY regulation Of Natural stream 
flow or by diversion through Man-Made cunals 

Table oO Was prepared to show the areal distribution of 
runoff in the United States The amount of annual runofl 


is less than 5 inches over nore than half the counter 


TABLI 6, Vean runoff. precipitation, and evapotransptratton 


in the United States 


\T i 1 
mang i I 
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Geological Survey data sho I ola ) ) not 
in areas of external drainage to be 26,000 00f q I 
inches 1) viding this heul 1) he total i Lo h 0 \ 

>nD9 | ‘ oe a 
9022 UUU square miles Indicates that rh Nation-wide 
runoiu in the period from 1921 to 1945 raved 8.6 inches 
_ 0° : 

The difference between the average raimntal ft) Inehes and 








the annual runoff, 8.6 inches, is 21.4 inches. This difference 


represents the amount of water lost to the atmosphere 
through evaporation and the transpiration of plants. Figure 
34 indicates the distribution of precipitation, runoff, and 
evapotranspiration by major drainage basins. 

Although it is quite generally believed that all the rivers 
run into the sea, vet about 8 percent of the land area of the 
United States drains into arid interior basins where salt or 
brackish lakes, playas, or alkali flats dispose of the water by 
evaporation and transpiration. The largest of these is the 
Great Basin. This vast area, some 215,000 square miles, 
Therefore, all the pre- 
cipitation that falls within the Great 


discharges no water into the oceans. 
Basin eventually 
returns to the atmosphere. 


Estimated Flow to the Oceans 


Summarizing estimates of flow to the oceans from various 
regions, the total runoff adds up to about 1,800,000 cubic 
feet per second, which is equal to 8.1 inches which compares 
quite closely with the 8.6 inches previously mentioned. 

The difference results from a combination of two factors: 

1) evaporation losses from the water surface of rivers and 
2) incomplete evaluation of the area of interior drainage 
the noncontributing areas 
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Figure 33. 
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‘TABLE 7.—Estimated flow to the oceans 


Mean annual flow 


\rea 
Deseription (square 
miles) Cubie feet Millions of 
per second acre-feet 
North Atlantie slope basins 149, 000 210, 000 152. 0 
South Atlantie slope and eastern 
Gulf of Mexico basins 285, 000 325, 000 235.3 
Mississippi River Basin 1, 250, 000 620, 000 148. 4) 
Hudson Bay basins $8, 000 5, 000 3. 6 
St. Lawrence River Basin 130, 000 140, 000 101. 4 
Western Gulf of Mexico basins 320, 000 55, 000 39. 8 
Colorado River Basin 246, 000 23, 000 16. 7 
Great Basin 215, 000 0 0 
Pacific slope basins in California 117, 000 80, 000 o7. 9 
Columbia River Basin and coastal 
streams in Oregon and Wash- 
ington 262. 000 345, 000 249. 8 
Total 3. 022, 000 1, 803, 000 1, 305. 4 


Climate and Seasonal Effects 
Variation in annual runoff is dominantly associated with 
climate, chiefly precipitation and temperature. Temperature 
is important because it determines the amount of the evapo- 
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transpiration losses which have a prior assessment on the 
precipitation. Whether runoff is fairly uniform throughout 
the year or whether it consists mainly of the flow during one 
or two high-runoff periods is of vital importance to the 
economical use of water. Unfortunately, a satisfactory 
distribution seldom isapproached in nature. Whereas the map 
showing the average annual runoff (fig. 33) represents the 
total result of day-to-day and month-to-month fluctuations 
in stream flow, the fact of the matter is that fluctuations 
follow the vagaries of the weather plus certain influences of 
terrain. 

The fluctuations in flow of some streams follow those of 
precipitation rather closely; in others, flow lags behind the 
There- 


fore, it remains for mankind to devise practical and economi- 


precipitation by many weeks, months, or even vears. 


eal means of controlling flows resulting from periods of 
excessive rain or melting snow. It is appreciated readily 
that such waters must be stored for beneficial use during 
subsequent periods of low flow. Within a given geographic 
area the seasons of low or high flow reeur in il veneral pattern 
that can be predicted after it has been studied over a reason- 
able period. 

In such studies the amount of runoff produced by each 
storm is highly variable and reflects, for a given basin, 
numerous details of volume and intensity of rainfall, temper- 
ature, soil moisture and ground-water storage, and amount 


and type of vegetative cover 


Che Seasons Have Pronounced Effects on Runoff 


Much of the wintertime precipitation in the humid East, 
for example, finds its way into the streams because wet o1 
frozen ground reduces infiltration and because transpiration 
from vegetation as well as the evaporation rate are both low 
in cold weather. A storm during summer will nearly always 
produce less runoff than an equal storm during winter. 

The winter snow pack in the high mountains of the West 
does not melt until late spring or early summer producing 
runoff on which the farmers in the arid valleys depend for 
irrigation during the growing season. 


Effects of Geology and Topography 


The occurrence of runoff is everywhere conditioned by tne 
geology. Insome places there are features that illustrate the 
over-all effect unusually well. The most sensitive charac- 
teristic of a given drainage basin is the timing of fluctuations 
in stream flow, i. e., the time within which the runoff from a 
storm is discharged from the basin. In some watersheds 
the soil mantle and underlving rocks have a large capacity 
for accepting and storing precipitation as ground water. 


This is released to the streams at a relatively steady rate. 


Stream flow here may be well sustained during fair-weather 


periods and even during periods of prolonged drought. 





On the other hand, a watershed which has a shallow soul 
mantle over impermeable rocks will have sharply concen- 
trated flood peaks followed by low flow or even no flow 
between storms. 

One example of a permeable soul or mantle rock that ab- 
sorbs rainfall easily and permits it to percolate to such depths 
that it is effectively insulated from evaporation and transpt- 
ration is found in the sand hills of Nebraska. On Long 
Island the effect is similar, except that much of the water 
there finds its way directly to the sea without replenishing 
stream flow 

An example of the Opposite effect can be seen in certain 
mountain streams in southern California, where the land ts 
low in absorptive qualities and rainfall is shed rapidly 


Another major effect of geology on runoff arises where 


there is a difference between the above-ground or visible 
divide in a given watershed and the phreatic Or Under-Zrouna 
divide Runoff is ordinarily computed th terms of inches ol 
depth, based on the surface area enclosed by the topographit 
divide. However, where there are hidden sinks and springs 


in limestone or modifications of the drainage svstem stem- 
ming from underground lava terraces the flow may be so 
modified that the direction of flow of underground wate 
bears no relation to the topography above The mov Tie rt 
of ground water in permeable lava may be controlled by 
buried prelava divides rather than by the present uppet 
surface 

Water piracy ina limestone area may even be so extensive 
as to tap water originating tn another surface draimage basin 
Of course, in a regional sense, the limestone or lava does not 
necessarily affect the total volume of runoff but only ts 
distribution as between one basin and another Outstandin 
examples of such effects are to be found in Comal County 
Tex.. and in Missour:t. The east-flowing streams in. thi 
Black Hills region of South Dakota lose a large volume of 


water in passing through the steep gorges leading from. the 


intermontane valleys to the Great Plains bevond. Thi 
water disappears into caves and sinkholes in massive Ip- 
turned limestone beds 
Ki ffect of Size of Drainage Basin 
Annual runoff as expressed in inches ts not necessarily 


affected by the size of a drainage area but there are lportant 
indirect effects. The runoff from small areas tends to reflect 
more strongly the effeets of details of reology or topography 
Variations tend to be compensating in large basins and the 
runoff approaches that which is normal for the climate 
Runoff from the smaller streams draining the more humid 
parts of the high mountains in the West, particularly in th 
basin and range province, generally decreases after the 
streams leave the mountains, owing to percolation into the 
desert-floor sediments. Many of these streams are of the 
quick “flash flood” type, their flow consisting almost entirely 
of storm water. Some drain the higher snow fields. and the 


meltwater produces a more sustained flow. 
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PHYSICAL BASIS OF WATER SI 


Kffect of Vegetation 


Vegetation ordinarily influences annual runoff through its 
effect on the processes of evaporation and transpiration. 
This includes the interception brought about by forest 
canopy, evaporation from the soil and from water surfaces, 
and transpiration by trees, shrubs, and ground cover 

Annual 


climatic, geologic, and biologic factors. 


runoff represents the product of all natural 
Some hvdrologists 
argue that because annual runoff can be estimated depend- 
ably from consideration of climatie and geologic factors alone. 


This 


although confirmed by the experience of many engineering 


vegetation needs no special consideration Position 
hvdrologists, does not seem, from a scientific point of view 
to be completely tenable Problems of interdependence A 
resolution. 


that 


present and require For example, one might 


Is possible to 


argue with equal propriety because it 
relate runoff to vegetation, sou, and geology, with residuals 
too small to be accounted for by climate, therefore the effect 
of climate should be considered inconsequential 

The literature 


is voluminous, 


mn the relation of land use and vegetation 


to runofl and there seems to be 


dwell on it in this short discussion beyond pointing out that 


where there is a definite limit to the amount of water avail 
able Wa given basin and definite demands call for the Hla yO! 
portion of such runoff for domestic or other local use, it 


would be wise to investigate the amount of water consumed 


by vegetation. Some plants, like willows and salt cedar 


whose roots tap the shallow ground-water table under rivet 
bottom lands, consume large quantities of water at the ex 
pense of stream flow and thus subtract from the total amount 
ib iting 


of water available at the basin outlet, thereby contr 


to a shortage. 
Water Storage 


extent, the agricul 


urban, and to a laryve 


The industrial vw 
tural development of the United States depends oh reservol 
storage. The water supply of ancient Rome depended in 
part on reservoirs. In the arid and semiarid regions of the 
United States, where stream flow is largely derived from thy 
runoff from melting snow, 75 percent or more of the total 
annual runoff flows out of each basin in the form of a huge 
wave, Whose base may extend over several weeks, but whose 
crest is in general considerably in advance of the peak ol 


irrigation demands. In humid hetween 50 and 70 


areas, 
percent of the total annual runoff occurs in the form of inter 
flood waves which result from the 


The 


eround water whose 


mittent stream rises or 


direct runoff from rains and melting snow other 30 to 


50 percent is derived from outflow ts 
comparatively steady. 

Without artificial storage, less than half of the runoff in 
the humid areas can be depended upon for regular use, and 
in arid and semiarid areas only a relatively small part of the 
total can be used beneficially. By storing the water contained 
in the peaks and flood rises, damaging floods can be avoided, 
and flow could be synchronized more closely with the demands 


lor municipal water supply, irrigation, power, and navigation 
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history of 


Beginning with power developments early in th 


New England, the development of reservoir storage now 
totals about 170.000.000 acre-feet (55.000.000 million eal- 
lons The classification of this storage in relation to se js 
approximately as follows: 

Power om. | Wamiema e 
Irrigatio 22 Recreatio > 
Flood control 19 

Naviga 12 Tota 0 

The aggregate capacity of these reservo rs tee if] oil ; 
contain 100 vallons pel dav tor all the nhabitants 
l nited States during a period of 0 vears s also ¢ 
lent to » Percent of the total annua noth froi 
United States 

Thy STOrAL. of water makes possib . s 
that otherwise would flow unused to the s | 
Wale n surface reservoirs is subject to loss fror 
and often trom seepage This is pa 1 
the arid and semiarid country rhe loss | nn 
reservoirs is estimated to total nearly Oooo OOF 
per veal In nearly all cases the value of the st race Is et | 
the tollexacted. But this picture may change as the 
of eflicient reservoirs Is depleted bv sediment. 

Surplus waters for whi I storage reservolrs have not 
been built, and water now wasted by water-loving 5 
tioh on river-bottom lands mav be the last maior sourees of 
Walter In many areas No estimates ! iva 1] 
ultimate storage Capacity in the United States, but certau 
several times the existing capacity will be needed to 
complete control of the surface water supp! 

( onclusions 

Runoff is exceedingly variable It varies in highlv con 
plex lationships with climate, geology, topography, an 
vegetative cove! Chances for increasing water supplies o1 
making the present supplies secure depend in large part ot 
understanding the factors that influence runofl 

It is lmiportant to know the amount of runof] heeaus ee 
recional value re presents the total s ipply of 
lor use For the country as a whole, the total 
dischare Into t hie sea) of 1.SO00.000 eubie feet m4 a se 
far above the total water used Onlv hvdroele ie 
reneration which is nonconsumpuve and permits 
reuse of water, comes anywhere near this « 
records of runoff demonstrate tha through intellic 
sign, the streams can continue to be dependable so al 
Wale! supply Water shortages that have nw 
caused mainly by overdevelopment resulting fron 
seen accelerated growth in population and rea 
in some cases, by imprudent development res o f 
inadequate basic data The records of runof} also sho that 


large additional supplies of water can be made availiable tor 
development, through Storage to car! water ove! ror 
times of surplus to 


times of need, and by transportation 


irom areas of excess to areas of deficien 








Domestic and Industrial Uses 
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of Water 


LEONARD A. SCHEELE, Surgeon General, United States Health Service 


Introduction 


‘THE DOMESTIC USE Of water is universally classified as the 
Water is 
the life of a city as well as the life of a 
Without water, 


most important beneficial use of that resource. 
essential to life 
human being. Without water, a man dies. 
a community faces the same fate. 

In our appraisal of water uses in this country, the major 
domestic uses are included in that segment of uses usually 
referred to as municipal uses of water supply. This category 
also includes water for fire protection, street flushing, and 
other public uses, water for commercial establishments and a 
part of the water supply for industry. 

Accelerating demands for water by cities are beginning to 
add up to a significant load on the water resources of the 
United States. In many parts of the country, the total use 
of water is reaching physical or economic limits. Evidence 
indicates that the use of water by municipalities tends to 
show a greater rate of increase than all other uses. 

The American people have grown accustomed to the 
More families than ever before in the 
United States have bathrooms and washing machines. New 


liberal use of water. 


water-using devices, such as automatic dishwashing and 
garbage disposal fixtures, are appearing in the kitchen in 
increasing numbers. Air conditioning of factories, offices, 
and stores, with its added demand for water, is quite common. 

The average per capita water use in 10 European cities, 
including London, Paris, Vienna, Edinburgh, and Berlin, 
before World War II was 39 gallons per day; while in the 
same number of American cities, it Was 155 gallons per day. 
In the latter group are New York, Philadelphia, Baltimore, 
Chicago, and Detroit. 


‘Trends in Domestic Use 


In 1800, there were only 16 public water supply systems in 
the United States; by 1900, there were some 3,000; in 1948, 
there were more than 16,000 public water supplies providing 
almost two-thirds of this country’s population their daily 
water requirements. 
nomenal growth. 
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The following table shows this phe- 


TasBie 8. Growth in number of United States water works 


\- Number o 
LSOO 16 
ISLO 26 
L820 30 
L830 t4 
1S40 64 
ISSO 83 
L860 136 
L870 243 
ISSO 59S 
LS9O 1, 878 
1896 3, 196 
L924 9, 850 
1934 10, 790 
1939 12, 760 
L945 15, 400 
L948 16, 700 

Data for 1800 to 1924, inclusive, from Manual of Water Works Practice American Water 
Works Association, 

From Water Supply Practice. 

From Engineering News-Record 


Well over $6 billion is invested in the mains, treatment 
works, pumping stations, storage facilities, ete., that make 
water service possible. 

The first United States public water supply system of 
which authentic record has been found is that of ““The Water 
Works Co.” of Boston, which in 1652 provided a supply for 
domestic consumption and fire protection to the residents of 
Boston’s Conduit Street. Although limited to a single 
“neighborhood” within the city, this system was “public” 
in both purpose and performance, and as such must be con- 
sidered the prime progenitor of all American public water 
works. 

Not until almost a century later did the first supply de- 
Then 
it was that a farmer named Schaeffer piped a supply from a 
spring on his farm down the main street of the Pennsylvania 
village now named Schaefferstown in his honor. The exact 
date of the project is obscure, but it is recorded that the 
system Was operating in 1750 and that it was taken over by 
the municipality in 1763. 

Meanwhile, at Bethlehem, Pa., in 1754, immigrant mill- 
wright Hans Christiansen, with the assistance of a visiting 


signed to serve an entire community come into being. 


AA PEIVCICAT. ANT FCONOMITIC PRFOTINTIDATION OF NATITRAT PRECATIRCTr. 








PHYSICAL BASIS OF WATER SI 
West India missionary, John Boehner, began work on the 

first pumped public water supply works, placing the works 

in regular operation in 1755 and completing the project in 

1761. And some vears later, in 1774, Moravian brethren 

who had headed south from Bethlehem to found Salem (now 

Winston-Salem), N. C., began work on a gravity svstem and 

piped in their first supply in March 1776. 

Other early systems, more or less complete in their service, 
N. Y. (1787), Portsmouth, N. H. 
and Morristown, N. J. (1799). And the supply pro- 
vided at Winchester, Va., in 1799, appears to have been the 


were those of Geneva, 
(1798). 


first complete works developed as a public enterprise. 
Immediately following the turn of the century, supplies 
were introduced in such prominent cities as Philadelphia, 
Newark, Haverhill, Mass., and shortly thereafter at 
Jaltimore and Wilmington; but, on the whole, activity in 


and 


constructing works accelerated but slowly, so that by the 
end of 1850 only 72 public water supply systems could be 
The decades which followed, however, evidenced 
remarkable progress the first three adding 61, 92, 


counted. 


and 366 
systems, respectively, and the last two going well over a 
thousand each. And since the beginning of the twentieth 
century, of course, construction has proceeded at a rate too 
rapid to detail. 

Practically all of the early supply works consisted of a 
short pipeline bringing water from a nearby spring or stream 
by gravity; generally there was no storage other than that 
provided by the intake or diversion works. ‘The bored wood 
or lead pipe emploved was of such limited capacity as to 
supply only the most meager domestic needs of the con- 
sumers, provision for fire protection being almost entirely 
absent. It was the later introduction of cast-iron pipe, first 
imported from England, which made possible larger-diameter 
lines capable of carrying the tremendous volumes of water 
actually required. 

Before the nineteenth Masonry 
aqueducts were laid on the hydraulic grade line from New 


middle of the century, 
York’s Croton and Boston’s Cochituate impounded surface 
Other wrought-iron- 
banded pipe, cement-mortar-lined pipe, or riveted wrought- 


supplies cities used  wood-stave 
iron pressure lines which were coated in the trench 

During the first two centuries of American waterworks 
history, the reciprocating steam pump was developed from 
its crude inefficient early stages to the familiar high-duty, 
cross-compound horizontal pumps and huge vertical triple- 
expansion pumps. Many of these highly efficient machines 
are giving as good service today as was demonstrated by 
their initial operation tests. The centrifugal pump, about a 
tenth the size and weight of the reciprocating pump of equal 
capacity, entered into competition first as a low-lift device. 
It has been so perfected during the last half century that it 
can be furnished to meet any head-capacity requirement and 
give dependable high-duty service. Thus, the centrifugal 
pump, with steam-turbine or electric-motor drive and often 


with internal-combustion-engine stand-by drive, is now 


almost universally used for water-pumping installations. 


TPPLY 


AND ITS PRINCIPAL USES 13 

In 1870. when there were fewer than 250 waterworks im 
the country, Poughkeepsie, N. Y., built the first slow sand 
filter plant, designed in accordance with English practice 
Failure to the made the 


Poughkeepsie plant difficult to operate during the freezing 


consider difference in climate 


winter months, but this situation was corrected a few years 
later by the provision of concrete groined arch covers, and 
Less than 20 vears after 
America, the 
mechanical, or rapid sand, filters were installed, and by the 


the filters are still in operation. 


this earliest 


introduction of filtration into 
end of the century there were 10 times as many of these 
American ty pe filters in sery ice as there were of the Knelish 
slow cvpe. A 1925 that this 


persisted, reporting In service 587 rapid sand and 47 


sand census revealed trend 


slow 


sand filters, with a combined total rated capacity of about 


5 billion gallons per day. 


Not only filtration, but other types of water treatment 


have also shown great eXpansion, So that by 1940 treatment 
plants of all kinds numbered 5,372, producing more than 


7 billion gallons of safe water per dav. Chlorine treatment 


first used in 1908, was by 1940 practiced in 4,590 systems, 
softening in 547, and iron or manganese removal in 598 
Today, in American cities, an average of less than | person 
in LOO.000 per vear dies of t\ phoid fever This is a eratify - 
ing contrast to the nearly 100 deaths per vear per 100,000 


Almost 


of the Nation’s population is now served by public water- 


population at the turn of the century. two-thirds 


works 


than 20 million 


accounts averaging LY, persons per account, and it 


Systems through more 


customer 


is this 


substantial service, involving well-supervised production and 


distribution of safe water supplies, which must be largely 
credited for wiping out the typhoid fever scourge of 50 
vears ugg. 

Yet, this remains a SUOrS of “progress” rather than 


“accomplishment,” for today, vs oat any date in the past 
the industry continues to exert its maximum effort toward 


attainment of ever higher goals of service and 


safety 


Cost of Urban Water 


Administration of waterworks in most cities is an integra 
part of city government, and some systems pay their rev- 
enues into the cveneral fund and operate on annual appropri- 
ations. Although this condition is generally confined to 
the smaller communities, it still exists in such large 


as New York Philadelphia. A 


cities provide for the operation of 


cities 


and 


crowing number of 


their waterworks as 


public utilities under appointive boards and with funds 


kept separate from the general funds. Such is the situation 


in the Los Angeles Department of Water and Power By 
recent authority to issue revenue bonds for construction. 


many such communities may construct needed additions 


to plant facilities limitation 


relation to 
the 


under 


without upon 


the 
tends 


bonds real 
Utility 
better management 


issuance of secured by property of 


community. this 


operation, plan, 


toward and sounder finaneing of the 


waterworks. 
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The historic cost of waterworks averages about $60 a 
person, but in cities importing their water great distances 
the cost may be twice as much. Costs have increased in 
recent years so that the present average for new construction 
is probably $100 to $125 for each person served in cities 
having nearby water supplies. 

In spite of these increasing costs, water is one of the 
least expensive essential commodities that the public buys. 
Annual domestic water charges in the United States average 
only $6 a person, or less than 2 cents a day. In general, 
domestic water is procured, filtered, pumped, and dis- 
tributed at the small cost of less than 5 cents a ton. 

On the basis of such low costs there should be no American 
community that cannot afford an adequate domestic water 
supply. These figures also indicate that water can be sold at 
prices which should enable any domestic and industrial 
water, supply features of multiple-purpose projects to be com- 
pletely self-liquidating through payments by the communities 
benefited. 

A major function of waterworks is to provide adequate 
quantities of water at adequate rates of flow for fire protec- 
tion. While the capital cost of providing for fire protection 
may represent 25 to 40 percent of the cost of the waterworks, 
the quantity of water used annually for fire purposes is 
relatively small. In larger systems, it is an insignificant part 
of total annual requirements. 


Increasing Requirements 
The per capita use of water distributed by waterworks is 


By 1945, the Public Health Service re- 
ported an average in the United States of 127 gallons per 


slowly increasing. 


capita a day, varying from 60 gallons in communities of 500 
population to 140 or 150 gallons in cities of 10,000 and over. 
Growing commercial and industrial activity, lawn sprinkling 
and semiagricultural uses, air conditioning, and generally 
higher standards of living and cleanliness explain, in large 
part, the increase in use. 

Higher-than-average per capita use, taken alone, is not 
always proof of wasteful use or excessive leakage. Some 
cities use as much as 300 to 500 gallons per capita a day with- 
out waste, due to special conditions such as large estates or 
greater manufacturing activity. Use in unmetered cities 
may be much greater, due to waste and inadequate controls. 
In general, waterworks which account for more than 90 per- 
cent of production through metered sales to consumers reflect 
good construction and efficient operation. 


Contamination and Purification 
All natural waters contain some mineral and organic matter 


While it is true that water- 
purification processes are available to treat most natural 


in suspension or in solution. 


waters and make them safe and satisfactory for domestic 
and industrial use, the cost of such treatment may become 
burdensome, 


Waterworks operators, therefore, are interested in all of 
the factors of watershed protection, land management, stor- 
age river maintenance, and best practical pollution control 
of both surface and ground water. Communities and indus- 
tries which treat water before using it pour their wastes into 
streams, adding to the problems of other water users down- 
stream. When these phases of contamination are better 
understood by our people, we may look forward to closer 
community cooperation in their elumination. 

If clean rivers are maintained as proper habitats for fish 
and wildlife and for recreational use, then, in most cases, the 
water may readily be treated for domestic and industrial pur- 
poses. It should be pointed out, however, that a uniform 
and stable water quality is much to be desired. When flood 
control and other storages are built on rivers and streams, 
they do not always aid in protection of water quality. In 
fact, such reservoirs may produce large quantities of objec- 
Also, outlets are 
often at great depth, which may make the dissolved oxygen 


tionable algae, or alter river temperatures. 


content of the released water so low as to damage fish and 
wildlife and make the water generally objectionable for long 
distances downstream. The elevation of rivers and streams 
may be seriously affected, thereby putting all diverters of 
water to unnecessary additional expense. 

The United States Public Health Service, through its 
quality requirements for drinking water supplied by public 
carriers in interstate commerce, has established standards of 
water quality. These standards have been accepted and 
adopted for the most part by all State boards of health, and 


all water works are required to comply with them. (Table 9.) 


Industrial Uses of Water 


To be realistic, a discussion of the industrial utilization of 
water might well start with the query ‘‘What does industry 
itself feel about the importance of water?” 

One answer is to be found in the joint survey of water use 
in industry by the National Association of Manufacturers 
and the Conservation Foundation in their December 1950 re- 
port. (2) ** Water,’ industry says, ‘‘is one of the essential raw 
materials for America’s all important industrial plant. * * 
A shortage of water for industrial purposes—just as surely) 
as a shortage of manpower or of raw material or of capital 
could defeat our purpose for future peace and prosperity and 
even imperil our national safety. No industry or business 
can long survive where water is unavailable or inadequate as 
to quantity and quality.” 

A major resource problem is the relationship of water to 
the present and future development of industry and the 
economic growth of the Nation. 


Industrial Trends 


The vision of an industrialized nation was in the minds of 
the fathers of our country. The trend to industrialization 


proceeded immediately upon the successful conclusion of the 
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PHYSICAL BASIS OF WATER SUPPLY AND ITS PRINCIPAL USES JI 


Interstate Commissions, Compacts and Agreements 


CONGRESS-APPROVED COMMISSIONS AND COMPACTS 





Name Participating States Name S 
1. Tri-State Pollution Compact (Inter- Connecticut, New Jersey 7. Belle Fourche River Compact South Dakota, Ws g 
state Sanitation Commission), New York. 8. Arkansas River Compact Colorado, Kansas 
2. Interstate Commission on the Dela- Delaware, New Jersey 9. South Platte River Compact Colorado, Nebraska 
ware River Basin. New York, Pennsvl- 10. Republican River Compact (‘olorado Kansas Ne 
Vania. DOraska 
3. New England Interstate Water Pollu- Connecticut, Massachu- ll. Pecos River Compact New Mexico, Texas 
tion Control Commission, setts, New York. Rhode 12. Rio Grande Compact (Colorado New Mexico 
Island Te \as 
t. Interstate Commission on the Poto- District of Columbia 13. Costilla Creek Compact and La Plata Colorado, New Mexi 
mae River Basin Marvland, Pennsyl- River Compact 
Vania, Virginia West 14 | pper ( olorado River Basit ( ompact Arizol a ( olorado Nev 
Virginia Mexico Utal Wvo 
5. Ohio River Vallev Water Sanitation Illinois, Indiana, Ken- ning 
Commission tuckv, New York, Ohio, 15. Colorado River Compact Arizona. Califo 1. Col 
Pennsylvania, Virginia rado, Nevada N¢ 
West Virginia.* Mexico Utal \\ 
. 6. Red River Flood Control Compact Minnesota, North Dakota ming 
= Tri-State Water Commission South Dakota. 
= INFORMAL AGREEMENTS AND AGENCIES 
16. Great Lakes Drainage Basin Sanita- Illinois, Indiana, Michi- 1S. Missouri River Basin Health Coune Colorad wa, Kansas 
= tion Agreement gan, Minnesota, New Minnesota Missour 
7 York, Ohio, Pennsyl- Montana Nebraska 
vania, Wisconsin. South Dakota \\ 
17. Upper Mississippi River Drainage Illinois, Indiana, Iowa, ing 
- Basin Sanitation Agreement. Minnesota Missouri, 19. Red River Basin Sanitation Agree Minnesota, North Dakota 
= Wisconsit ment Interstate Sanitation Con South Dakota 
mittee 
eS *West Virginia’s participation int ommission ruled unconstitutional by State supreme court, April 4, 195 
Revolution. The first half of the nineteenth century saw sanitary and service, and other purposes. According to 
2 the development of Dasic policies and legislation looking Wate rain Industry 2 the approximate percentages used for 
E forward to the protection of our youthful industrial economy these various purposes are as follows: process about one-third, 
Continuously through that century, industry grew until by cooling another third, 10 percent for boiler feed purposes, 
the turn of the century (1900) the promise of American about 15 percent for sanitary and service use and the balance 
industrial might began to come true. Since 1900 the growth for other miscellaneous service. The report of the President's 
of American industry has been phenomenal. Chart | shows Water Resources Policy Commission (5) states the following 
- crowth, us measured by Federal Reserve Board indices from concerning the total volumes ot Wwatel required by industry 
just over 25 to about 200, an over-all growth of SOO percent in comparison to other major consumers of water 
In oO Vvears le. oo Necording to estimates by e Geological Survev the follo ster 
In 1935 the might of American industry was world- ises account for 14 percent of the Nation’s yearly runoff to ans 
renowned. Yet, by 1950 industries’ productive capacity had ee Saeed 
. . : , | ABLE LQ. Nation Ss water use 
more than doubled. The continuation of economic growth 
is shown by the fact that a 7-percent increase in total output 
occurred during 1950. The current productive plan, according | aa 
; 2 a gatis 
to the Economic Report of the President, January 1951, (38 bi anitihe - 
is ‘‘to increase the total productive streneth of our economy \Lunicipa | 
by at least 25 percent in the next 5 years.” Rural (other than irrigation aD 
: Specifically illustrating this trend is the history of the 
= : ; 3 i : ] tal 1, ) 
chemical process industry between 1910-50. Measured by 
: ° enh . , : . . ‘These figures represent gross withdrawals at sources et msump 
output in billions of dollars, this industry has grown from ae eee 
= ‘mae ‘ caten ail : tive use is verv much jess Domestic is¢ cco ts for or out 
+ billion in 1910 to 40 billions in 1950 (4 ea penta ai 
l perce! of runoff of our rivers 
Che estimate of 77 billion gallons per dav by the United State 
Geological Survey for industrial uses includes water used 
Ee {mounts of Water Used purposes. It is seven times as high as the 10 billion gallons industry 
: tself estimates it uses 
: . — . . . . These high and low figures can be reconciled only on the basis that 
: Major deficiencies exist in data concerning the volumes of —s 
2 : as at oy ‘ Sates aS the Geological Survev figures include great quantities of cooling ate! 
. water used by the Nation s industrial machine. The uses $$ _—_———. 
4 : Ss ° . f 7 Actual values have been adjusted to agree with the 
of water in industrv are for processing, cooling, boiler feed, Estimate on Nation’s Water | OY ‘ 





which are returned to the river at higher temperature but essentially 
unchanged in quantity. 

Powell and Bacon (6), table 11, have estimated the indus- 
trial use by major water industries for 1947. 


Quality of Water Required for Industrial Uses 


Water quantity by itself is not sufficient for today’s highly 
complex industrial machine. The quality characteristics of 
water is a highly important factor. A limiting factor, and a 
problem which will grow more important unless accelerated 
prevention action is taken, is that imposed by the problem 
of water pollution. 

The habit and practice of dumping into the surface waters 
of the United States the wastes, largely untreated or inade- 
quately treated, by cities and factories, thereby adding 
solids, organic substances, toxic chemicals, acids and alkaline 
materials, increased temperature, color, turbidity, oil, and 


TABLE LI. 
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similar wastes, place a large economic cost against the Nation 
in terms of the treatment required to make waters available 
for utilization by industry (fig. 36). 

The required quality of water for industrial use depends 
upon the specific use of the water. Many industries employ 
several qualities of water, individually treated to obtain the 
necessary properties for a specific purpose. Some industries 
have their own plants for their water supply purification 
while many are large consumers of municipal waters. Be- 
cause industries purchase large volumes of water, industrial 
requirements are usually considered in the construction of 
municipal plants.(7) The standards of quality required for 
industry cover a wide range. At one end of the scale is 
water used for cooling purposes. 
for this water are low. At 


The quality requirements 
the other end of the scale is 
water used in the food industries. This water usually must 
conform with standards as strict and sometimes stricter than 
those of a domestic supply. 


Estimated industrial water use by major water-using industries, 1947 





Number of 


Industry establish- 


ments 
Steel (finished 119 
Oil refining 137 
Gasoline 
Wood pulp: 
Sulfate 
Sulfite 
Soda 
Ground wood 
Total 226 
Paper 
Paper board 
Total 665 
Coke 167 
Beer 140 
Whisky 226 


Milk, cream, and butter 
Canning and preserving ° 


w bw 
bo 
qv 


Manufactured ice 5 


3, 423 
Soft drinks ernie 5. 618 
Woolens and worsted fabrics 195 
Wool scouring 74 
Tanning 561 
Soap - 249 
Meat packing (hogs) 2, 153 
Cane sugar ® 25 
Rayon (all types) — - 38 


Value added 
by manufac- 
ture 51,000 


Production 


1947 water use (estimated) 


units Amount Unit sae Por athe 
2, 659, 250 61,857, 241 9 Ton 65, 000 4, 020, 721 
1, 494, 474 1, 887, 890,000 | Barrel 770 1, 452, 675 
791, 325, 000 do 357 791, 325 
5, 356, 710 Ton 64, 000 342, 829 
1 2, 795, 960 do 60, 000 167, 758 
l 191, 580 do 85, 000 $1, 784 
2, 049, 814 do 5, 000 10, 249 
$15, O38 Ton. 562, 520 
! 10, 646, 833 Ton 39, 000 $15, 226 
9, 186, 810 do 15, 000 137, 802 
, 050, 108 19, 833, 643 Ton. 553, 028 
i 749, 146, 000 do 3, 600 284, 493 
SO8, 946 S88, 027,000 Barrel 470 41, 373 
172, 357 246, 443,000 Gallon 80 21, 155 
! 71, 440, 000,000 = Pound 0.11-0.25 14, 286 
609, 939 391, 546,000 Case 7.5-250 48, 520 
226, 584 36, 100,000 | Ton 243.85 &, 802 
$21, 000 927, 700, 000 Case 2.5 6, 250 
599, 53 164, 563, 000 Pound 70 3, 252 
54, 166 210, 172, 000 do 1.26 2, 648 
103, 783 238, 731, 000 do : 8 1,910 
150, 721 4, 138, 001, 000 do 0.25 1, 034 
( 51, 678, 047 | Hogshead 11 568 
98, 112 358, 000 | Ton 1, 000 358 
$47, 900 746, 900,000 = Pound_ 0.16 119 


1 Value added by manufacture is not given on same basis as production and water consumption 


2 Based on U.S. Department of Agriculture figures for creamery butter, liquid milk, and cream sold in c 


Excluding fish 


4 Includes only water used in processing 14 fruits and vegetables for which consumption factors are 


2 or 3 times as high 
5 Includes filling cans and pulling cores 
® Includes refining only 


ymmunities. No other milk products subject to water consumption estimates, 


ivailable rhis accounts for 177,321,000 cases. Total water used by this group is probably 


Source: Sheppard T. Powell and Hilary E. Bacon, August 1950, Journal of the American Waterworks Association 


PRED eta See. 


PHYSICAL BASIS OF WATER 


Both fresh and saline waters are used for cooling condensers 


Two of the most important requirements are that the water 


should not be unduly corrosive and that it should not caus: 
excessive deposition of seale.(8) If large amounts of organic 
material occur in cooling waters the efficiency of cooling is 


apt to be impaired and the growth of gelatinous masses of 
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SUPPLY AND ITS PRINCIPAL USES 


bacteria and fungus may cause unpleasant odors. ‘The cost 


of treating such water is often higher. The requirements of 
water for boiler feed are more exacting. For boilers opera- 
ting at low pressures water is frequently used without 


preliminary treatment; for higher 


composition of the water is more important 


pressures, where 


treatment 


THE 


Eee 19SS i. 1948 1945 1950 


Source: 1919-49 Federal Reserve Board index of industrial production, 1950 estimated; 1899-1918 indexes compiled 


by National Bureau of Economic Research linked to Federal Reserve Board index on bas 


FIGURE 35. 


s of vear 1919 


Growth of industry. 
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as softening, demineralization, and deaeration are often 
necessary. 

The composition of water used for paper-making is impor- 
tant. For high-grade papers some of the usual quality 
requirements are softness, low iron and manganese content, 
freedom from suspended matter, low quantity of carbon 


from organic matter and 


dioxide and relative freedom ory 


bacteria In the manufacture of soft beverages, the taste 
and odor characteristics of the water, organic matte! present, 
Furthe 
treatment of community waters 1s often necessary to secure 


and alkalinity are important factors to consider 


the required quality 

Soft water is preferred to hard water in many industries 
Hard waters are detrimental to some industries such as soap 
manufacturing, wool degreasing, some types of dveing, 
textile bleaching, tanning, and laundering. For a large 


number of industries, it is important that the water used 


FicurRE 36. 


NDATION OF NATURAL RESOURCES 


should be very low in iron content; some examples are the 
bleaching, tanning, and dyeing industries. 


Treatment of Industrial Water Supplies 


Considering the foregoing general quality requirements of 
industrial waters, 


used to produce a satisfactory supply. 


some of the following methods may be 
Sedimentation may 
be used for the removal of silt and coarse slime, followed by 
sand filters for the removal of finer suspended particles and 
flocculant materials. ‘Tastes and odors may be removed by 
the use of such chemicals as chlorine, chloramine, activated 
carbon, potassium permanganate, and chlorine dioxide. 
Aeration, coagulation, and filtration, and bleaching clays 
may also be used to remove odors and tastes from waters. 


Chlorine, because of its powerful disinfection power, is 


Water pollution. 
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PiGuRE 37.— Municipal treatment plant. 


Ficure 38.— Industrial treatment plant. 
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used widely for water purification. The amount required 
varies according to the impurity of the water. It is generally 
recognized that some excess should exist after oxidation of 
organic material is completed. 

Aeration has been used in water purification since the 
earliest times. It has been used to treat ground waters 
with a high content of materials such as iron and manganese, 
and for the dissipation of dissolved gases having offensive 
tastes and odors. Water is most often aerated by spraying 
through fountains, but some times by mechanical means or 
with compressed air. Materials such as hydrogen sulphide, 
iron, and carbon dioxide are sometimes removed by aeration. 
Neutral, soft, or weakly alkaline waters containing little or 
no organic matter respond most favorably to treatment by 
aeration. In cases where iron cannot be removed by aerat- 
ing, it may be precipitated at low pH value with aluminum 
sulphate as ferric salts after chlorination, or at high pH with 
lime or soda supplemented with the addition of iron salt 
and followed by chlorination (figure 37). 

Four water softening methods often used are as follows: 

1. Precipitation of hardness components with lime with 
subsequent introduction of substances to cause flocculation. 

2. Waters of comparatively high noncarbonate hardness 
can be treated with lime and soda ash to effect precipitation, 
with the subsequent addition of substances to cause floccu- 
lation. 

3. Precipitation with sodium phosphate is ordinarily used 
for special treatment in conjunction with 1 or 2 because of 
the high cost of this form of treatment. 

4. Medium hard waters may be treated by passing through 
zeolites. Zeolite may also be used as an after-treatment to 1 
or 2. 

The choice of method will depend on the water composi- 
Hardness can be 
completely removed by 3 or 4 but only reduced to a hardness 
of about 30 parts per million by 1 or 2. 


tion, allowable hardness, and the cost. 


As a rule, hardness 
of 70 parts per million will be satisfactory. 

Coagulation is necessary in many waters because of the 
The precipitants most often used 
For reasons of economy, sulfates 
the 
flocculation it is important that the colloidal particles first 
This 


organic matter present. 
are alum and iron salts. 
and chlorides are usually used. In order to hasten 
formed come into intimate contact with one another. 

contact is often facilitated by stirring. 

Some of the methods used to prevent corrosion are the 
application of a protective cover of paint, cement, coal-tar 
preparation, ete., the use of metals resistant to corrosion, or 
by correcting the water chemically. Oxygen may be reduced 
by preheating the water, but this method would probably 
be applicable mostly to boiler waters, or processes using 
hot 
some industries by the use of vacuum or by heat and pressure. 
Residual oxygen in water may be removed by chemicals such 
as ferrous hydroxide or sodium sulfite, or by the use of 
iron scrap, zine scrap, or carbon and zinc together. Lime is 
often applied as an inhibitor of corrosive attack by waters 
containing dissolved gases (fig. 38). 


water. Dissolved gases are removed from waters in 


Cost of Water for Industrial Use 


General statistics on the cost of water to industry are not 
available. Occasional reports in the literature are available 
but do not lend themselves readil¥ to getieral@& tion. 

Processes used in treating water follow similar patterns 
whether the ultimate use is in industry or for municipal sup- 
plies. Because of this, and since a large segment of industry 
purchases water from municipal sources, it is estimated that 
the unit cost of water will range in the order of magnitude 
of the cost in a representative group of cities across the 
Nation. 

Table 12 provides data on the cost of water per ton in 
cities. ‘This compares with an oft quoted national figure for 
municipal supplies of 5 cents per ton of water. 

Although the cost of water for domestic purposes is cheap, 
the factors of large volumes of water per unit of finished 
product, the degree of competition in the industrial area 
concerned, and the usual practice of having to treat highly 
polluted water in industrialized and urbanized areas, make 
the cost of industrial water a significant part of the economics 
of industry. 


TABLE 12.—Average unit cost of water in 14 of the largest 


United States cities (9) 


Cost, 
City cents per ton 
San Francisco- etek i By eit st Sickness 
Baltimore__-_---- preire as Sethe Area ee eee ee aie 6. 29 
Los Angeles - i Z ‘ é ; i . § 98 
Pittsburgh _ _ ane ais skeed 6. 57 
Pues. cscs. nee eat P meet 5. 43 
Boston_____- oa a J aes - 4.99 
Washington - 3 4. 93 
New York . : ee : < Oe 
St. Louis_- ” 3 C es a . 3 1. 66 
Detroit beta wate Pile pet ee met 4. O6 
Philadelphia atmos 3 ; 3. 84 
Cleveland_. sabes . 3. 46 
Milwaukee = : 3. 32 
Chicago Fics n ee 4° eee 
Average weer pects a ; . 60901 
Median eta . oer 
Notre.—Bills are for water measured through a five-eighths-inch 


meter. Unit costs are derived from the average of 4 separate annual 
water bills. The 4 bills used are for quantities of 30,000 gallons 


(4,000 cubie feet or 125.2 tons), 45,000 gallons (6,000 cubic feet or 
187.8 tons), 60,000 gallons (8,000 cubic feet or 250.4 tons), and 112,500 
gallons (15,000 cubic feet or 469.4 tons). 
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Industrial Uses of Water in the United States 


W. W. Horner, Chairman, Water Policy Panel. Engineers’ Joint Council 


THE AGGREGATE VOLUME of water used in public water sys- 
tems is relatively small. For the entire United States it is 
approximately 10 percent of the flow of the Niagara River. 
The total domestic and industrial use of water from public 
supplies is near one-fifth of that used by irrigation, amounting 
to about 15,000 million gallons (44,000 acre-feet) per day of 
which one-third, more or less, is used by industry. In addi- 
tion, industries develop for their own use approximately 
5,000 million gallons (14,700 acre-feet) per day, together with 
still larger quantities of recirculated and sea water. 

There are four sources of water upon which industry must 
depend to meet its present and future requirements. These 
are (a) surface water, (6) underground water, (c) sea water, 
and (¢7) water reclaimed from industrial and domestic sewage. 


Industry's Specific Water Uses 


The quantity and quality of water requirements for mis- 
cellaneous industries vary so widely that each type of proces- 
sing presents individual requirements which must be satisfied. 
However, practically all industrial uses of water fall within 
one or more of the classifications listed in the following 
groups: 

(a) Cooling. 
into or 


(b) Processing contacting 


manufactured). 


(entering products 

(c) Power generation. 

(d) Sanitary services. 

(e) Fire protection. 

(f) Miscellaneous (air conditioning, washing, etc.). 

Of these uses the demands for cooling water far exceed all 
others. For example, large individual electric generating 
stations will use 500,000 gallons of water per minute, or more, 
for surface condenser operations. It is obvious that such 
volumes of water are not obtainable from underground 
sources but well water is frequently supplied as make-up 
water to cooling towers to replace evaporation losses. 

In the absence of cooling towers, the large volumes of water 
needed for cooling must be obtained from fresh surface water 
or salt-water sources. Where the surface water supply is 
limited, the effects of the withdrawal and return of cooling 
water to lakes and rivers may materially increase the tempera- 
ture and thereby degrade the value of the water for other 
26940—53-——_5 


uses, River 


The Mahoning 


where the river water temperature consistently averages 20 


cood illustration 


furnishes a 
above the air temperature throughout the year. This ts 
caused by constant use and reuse of this supply for cooling 
over a limited section of the river's course 

Usually the volume of water actually entering into a fin- 
ished marketable product is a small portion of the total 


quantity consumed. A canning company using as much as 


2.2 billion gallons of water per vear estimates that less than 6 
percent of this quantity, or 132 million gallons, actually con- 
tacts the processed food in such manner that it could become 
part of the food product. A much larger percentage of the 
total volume of water used does come in contact with the food 
during such preparatory processes as washing and soaking 
Water to cool cans must be of good chemical quality and 
sterile to safeguard the flavor of the product and avoid 
contamination. 


Importance of Large Water-Using Industries 


A complete catalog of water consumption by the many 
units in each industry would be a hopelessly long and difficult 
task, but there are statistics available from which fairly good 
estimates can be made. The Census of Manufacturers re- 
ferred to above includes not only the dollar volume, pavroll 
data, ete., but also production in units appropriate to the 
industry. Experts in the field of water supply and indus- 
trial waste have established rates of water consumption per 
unit of production for most of the industries. These two 
sources of information have been combined to prepare the 
estimate of water consumed by various industries for the 
vear 1947, 


The total of table 13 accounts for nearly 7,800,000 million 


which is shown in table 13. 


gallons per year, or water usage at the enormous rate of over 
21,000 million gallons per day. 

The quantity of water required for each dollar of “Value 
added by manufacture” varies widely in the industries for 
which data are available. In the first four groups, where 
500 to 1,400 gallons of water are required for each dollar of 
value added, cost of supply and treatment are of predominant 
importance. These industries must consider water supply 
to be a major limiting factor in their planning and develop- 


ment. On the other hand, in such industries as textiles, 


o¢ 
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TABLE 13. 
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Estimation of water usage by 20 selected industries 


DATA FROM 1947 CENSUS OF MANUFACTURERS 


Number of 


Value added 


Estimated water 


Production : ; 
consumption 


Industry establish- by manu- |- - eo 
ments facture ait Units Gallons per Million 
unit gallons 
Thousands 
Steel (finished 419 $2, 659, 250 61, 857, 241 Tons 65, 000 = 4, 020, 721 
Oil refining 137 , 494, 474 1, 887, 890,000 Barrels 770 | 1, 453, 675 
Gasoline (*) 791, 325, 000 do 357 791, 325 
Wood pulp: 
Sulfate ‘) 5, 356, 710 Tons 64, 000 342, 829 
Sulfite 1) 2, 795, 960 do 60, 000 167, 758 
Soda (1) 491, 580 do. 85, 000 41, 784 
Ground wood (1) 2, 049, 814 do 5, 000 10, 249 
Total 226 115, 938 562, 520 
Paper (1) 10, 646, 833. Tons 39, 000 415, 226 
Paper board (1) 9, 186, 810 do 15, 000 137, 802 
Total 665 050, 108 19, 833, 643. Tons 553, 028 
Coke 167 (1) 79, 146, 000 do 3, 600 284, 493 
Beer 140 808, 946 88, 027,000 Barrels 470 41, 373 
Whisky 226 4172, 357 246, 443, 000 = Gallons 80 21, 155 
Milk, cream and butter 2_ (1) 72, 440, 000,000 = Pounds 0. 11-0. 25 14, 286 
Canning and preserving (excluding fish) 2, 265 609, 939 391, 546,000 Cases 7. 5-250 8, 520+ 
Manufactured ice 4 3, 423 226, 584 36, 100,000 Tons 243. 85 8, 802 
Soft drinks 5, 618 $21, 000 927, 700,000 Cases 2. 5 6, 250 
Woolens and worsted fabrics 195 599, 534 164, 563,000 | Pounds 70 3, 252 
Wool scouring 74 54, 166 210, 172, 000 do 1. 26 2, 648 
Tanning 561 103, 783 238, 731, 000 do § i° 1,910 
soap 249 450, 721 4, 138, 001, 000 do 0. 25 1, 034 
Meat packing (hogs) 2, 153 51, 678,047 Hogs 11 568 
Cane sugar ° 25 98, 112 358, 000 Tons 1, 000 | 358 
Rayon (all types 38 147, 900 746, 900, 000 =Pounds 0. 16 119 


Value added by manufacture is not given on the same basis as production on which water 
? Based on U. 8. Department of Agriculture's figures for creamery butter, liquid milk and cream sold in communities. 
Estimate of 8,520 million gallons include water used in processing only 14 fruits and veget 


water used by this group is probably 2 or 3 times as high. 
4 Includes filling cans and pulling cores. 
5 Includes refining only 


beverages, and others, the relations of water consumption to 
value of product is so small that more elaborate treatment 
can be justified. 


Plant Location and Underground Water Supply 


The location of many industries has been dictated largely 
by the availability of an ample underground water supply. 
This is particularly important to industries using cold well 
water for critical cooling purposes. As an alternate to 
uniform, cold, ground water, expensive refrigeration would 
be required. 

Excessive withdrawal of ground water in localized areas 
can, and has, caused water shortage which results in economic 


ibles for which consumption factors are available. 


consumption is based. 


No other milk products subject to water consumption estimates 
This accounts for 177,321,000 cases. Total 


difficulties. A typical example of such depletion occurred 
in Louisville during World War II. This condition was 
brought about by the establishment of synthetic-rubber 
industries in the area. These materially increased the 
existing heavy pumpage of established industries in this 
section. The combined effect was a rapid lowering of the 
eround-water table. 

It should not be concluded that a decline of water level 
in a well field necessarily indicates an exhaustion of supply 
as some lowering is, of course, necessary in order to obtain 
the maximum safe yield from any aquifer. 

Similar conditions have been experienced elsewhere in 
this country. An additional illustration is the lowering of 
the ground-water table by the withdrawal of water from deep 
wells in the Texas City area. In 1930 approximately 0./ 
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million gallons daily was withdrawn from the water-bearing 
aquifer; 15 years later the ground-water pumpage had 
‘ncreased to over 23 million gallons per day. In 1945 the 
measurements at one well 1,000 feet deep showed that the 
water table had receded to 102 feet below sea level. This 
draw-down not only increased the salt content of the ground 
water but resulted in dewatering of the sands in one section, 
at a rate of 2.4 inches per year. In some critical, but 
limited sections of the area, the subsidence has amounted 
to 1% feet. 

Based on these observations and conclusion, a constructive 
program for the conservation of ground water is suggested. 
This is as follows: 

1. Scientific investigation of our ground-water resources. 

9. Wide dissemination of the resulting data and principles. 

2 Formulation of sound legal means of effecting desirable 
eround-water control. 


Factors Responsible for Water Shortages 


Basically, the conditions responsible for water shortages to 
meet community requirements are: 

(a) Failure to provide for equalization of surface water 
run-off. 

(b) Overconcentration of population and industries. 

(ce) Withdrawal of water from underground aquifers in ex- 
cess of natural recharge. 

(d) Water wastage. 

(ce) Failure to use available salt water in place of fresh 
water. 

(f) Selection of plant sites without adequate evaluation of 
availability of water for existing or predictable future require- 
ments. 

(g) Inadequate design and planning of water-consuming 
processing equipment. 


Water Wastage 


Much of the distress from declining water supplies could 
be greatly curtailed by reasonable economy and drastic con- 
trol of water wastage. Millions of gallons of water now being 


In all 


eases where conservation methods have been practiced, the 


wasted can be stopped by reasonable conservation. 


cost of supervision and control has been fully compensated 
for by dollar savings. 

The American people, individually and collectively, have 
become the most wasteful Nation in the world. This habit 
is demonstrated by the use of both surface and underground 
waters. Our wastage of water is strikingly illustrated by a 
comparison of the per capita consumption of water in cities 
in Europe and in this country. The average per capita 
water rate in 10 European cities, including London, Paris, 
Vienna, Edinburgh, and Berlin, before World War II, was 
39 gallons per day, while in the same number of cities in this 





country it was 155 gallons per day. In the latter group are 
New York, Philadelphia, Baltimore, Chicago, Detroit, and 
others. 

The existing water shortage in New York City is in part 
added proof of extravagance and the urgent need for con- 
certed effort to curtail water wastage. Water conservation 
by industries and all other groups will be reflected in savings 
which are commensurate with the efforts made to avoid 
waste. Beyond the immediate financial return resulting 
from such action, there are the larger and more comprehen- 
sive benefits to be gained, such as the effect on the erowth 
and development of communities and the over-all welfare 
of the inhabitants. Without adequate water, specific limita- 
tions are imposed which retard the growth of all civie and 
industrial expansion. 


Value of Flood Control Measures To Provide 
Satisfactory Industrial Water 


Flood control projects have been established primarily to 
avert disaster from flood waters, but there are many result- 
ing contingent benefits. Although not fully realized, conser- 
vation of flood water has a far-reaching effect, not only in 
minimizing water shortages for industrial requirements but 
in improving water quality. By stream flow control, the 
effect of depreciation of water quality by industrial and sani- 
tary wastes is reduced in accordance with the degree of regu- 
lation. One of the most direct benefits resulting from such 
regulation is the prevention of salt water intrusion into tidal 
It is a well known fact that salt water penetration 
into many fresh water streams results from insufficient river 
flows. During the severe drought of 1930 and 1931, the salt 
1.860 


rivers. 


content in the Delaware River at Chester, Pa., rose to 
parts per million. 
upstream from the mouth of the river. 


This location is approximately 20 miles 
Normally, the salt 
content of the river in this area is less than 25 parts per 
million. 
treatment of the supply. 


Such conditions are reflected directly in the cost of 


Substitution of Salt Water for Fresh Water 


Many of industry’s water requirements can be adequately 
fulfilled by salt water where such supplies are available ‘To 
safely use brackish water, industrial equipment must be fabri- 
cated of material to resist the aggressiveness of the water. 
Many water shortages now existing in the seaboard area and 
in locations where underground salt water ts available, could 
be minimized or completely corrected merely by the use of the 
available salt water. No plant in a water critical area should 
be designed to operate solely on fresh water when salt water 
is available. Obvious as is this water conservation measure, 
many seaboard plants use no salt water. The principal 
reason for failure to utilize such water is the increased cost of 


corrosion-resisting materials. Over an extended period of 
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time the use of salt water for many purposes can usually be 
justified, regardless of higher capital investments involved. 


Laws Relating to Conservation of Underground Waters 


Many laws relating to some phases of the withdrawal of 
underground waters are on the statute books but such 
regulations are either inadequate or not enforced in many 
critical areas. However, there is a gradual awakening with 
regard to the need for this type of important legislation. 
Any program for the conservation of water resources which 
may be developed on a national scale requires meticulous 
investigation into the needs of the various States, or areas of 
the country so that local requirements may be coordinated 
with national conservation policy. 


Corrective Program 


The water demanded for our expanding industries can and 
must:be provided. The solution of the problem, involving as 
it does complex economic aspects, may only be found by an 
enlightened viewpoint reflected by industrial management 
Such regulations 
must be imposed by mutual agreement and cooperative 
effort among those affected and by constructive long-term 
planning by municipal and State regulations. Within the 


and equitable, reasonable regulations. 


last few years, aroused public concern over these deficiencies 
has prompted the assembly of much information on the sub- 


ject. However, there are still many deficiencies. The data 
thus far compiled must be assembled and additional informa- 
tion collected before an accurate evaluation of the problem 
can be made and controlling measures established. 

Studies in locations in which the water supply conditions 
are actually or potentially critical demonstrates the need for 
the inauguration of a program including: 

1. An inventory of water requirements on a national basis 
coordinated with actual and potential water resources avail- 
able, including both surface and groundwaters. This survey 
should be both local and area-wide with respect to major 
river basins and geological formations. 

2. Making available factual data regarding overindustrial- 
ization within critical, or potentially critical, water areas and 
the desirability of decentralization of industrial users of large 
volumes of water. 

3. A study of the inter- and intra State control and regu- 
lation of flood waters to provide present and future industrial 
water requirements, regardless of other benefits accruing 
from such facilities. 

4. Promotion of salt water usage as a conservation measure. 

5. Expanding the activities of the State and Federal 
agencies handling critical underground water resources 
problems. 

6. Providing technical personnel for the United States 
Geological Survey and comparable State organizations, to- 
gether with the necessary funds to effect more adequately 
utilization of the valuable services of these organizations. 

7. Coordinating the activity of waste disposal regulation 
groups with those interested in resources. 
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Use of Water for Irrigation 


MicHak. Straus. Director, United States Bureau of Reclamation 


Historical Development 


Ir HAS REEN SAID that the art of irrigation is so old that its 
origin is lost in antiquity, but that the science of irrigation 
is a modern development which is still advancing rapidly. 
Prior to the introduction of so-called modern irrigation into 
the West by the Mormons in 1847, irrigation had been 
practiced in North America by at least three different 
cultures. 

The first recorded irrigation development occurred thou- 
sands of years ago under a prehistoric race in New Mexico. 
Based on the structures which have been uncovered from old 
lava beds such as reservoirs, aqueducts and canals, this 
culture was well advanced in engineering skill. Apparently 
the advances which were made at this time were lost to 
subsequent civilizations. 

The second known irrigation development occurred under 
the Pueblo Indians a more years ago. The 
acreage developed was not large and it was confined to the 
valleys near the cliff or community dwellings in Arizona, 
New Mexico, southwestern Colorado, and Utah. The traces 
of this development which still remain indicate that it was 
much more primitive than the earlier development. 

The measures developed under the Pueblo Indians were 
followed subsequently in a large measure by Mexicans of 
Spanish-Indian origin who gradually extended their settle- 
ments from the south northward to Colorado along the Rio 
Grande, Pecos and Arkansas Rivers and their tributaries. 
This culture, however, was influenced by the culture which 
was introduced by the Moors into Spain in the eighth century 
and subsequently by the Spanish missionaries into Mexico 
and then northward in the sixteenth century. Irrigation 
was practiced also around the earty missions on the Pacific 
coast. 


thousand or 


Some of these Franciscan missions developed exten- 
sive and well integrated agricultural communities. The 
limited written records of this era indicate that irrigability 
was based on engineering feasibility rather than the suit- 
ability of the land to irrigation. 

The development of the so-called modern irrigation be- 
ginning in 1847 in Utah was under people with northern and 
central European ancestry which had no tradition or ex- 
perience in irrigation and consequently it was developed 


largely by trial and error. Nevertheless, irrigation ulti- 


mately 


became well established and subsequently was 


extended rapidly throughout the Western States 


Importance of Irrigation in Western Development 


[Irrigation is not only a major but an essential purpose it 


western water resource development. This is true because 
(1) the 17 Western States contain approximately 22 percent 
of our population and the anticipated rate of increase is 
much greater than for the country as a whole, (2) these 
States contain essentially 60 percent of our land area and the 
proportion devoted to cultivated crops is only one-half of 
that for the remainder of the country, and (3) about 1 aere 
of 10 of the arable land in these States is irrigated, the vields 
from which are twice those from the nonirrigated land and 
50 percent than the national Thus, 
water must be recognized as the limiting factor in the de- 
velopment of the West. 

The development of irrigation has been 
vital to the development of the West. 


greater averages 


1 


and remains 
Development be- 
yond that which its limited water supply will support cannot 
be anticipated. Although the use of water for irrigation 
is of paramount importance, a balance must be found with 
the competing uses for domestic and industrial consumption, 
power development, fish and wildlife conservation, recrea- 
tion, navigation and_ related Water initially 
considered primarily for use in irrigation, has not only re- 


purposes. 


tained this importance but has assumed even greater im- 
portance because of its role in multiple-purpose projects and 
in regional development. In serving these purposes it also 
contributes to the national economy and security. 

The purpose of the Reclamation Act of 1902 was to create 
farming opportunities in the arid West and in this respect 
it was a reaffirmation of the objectives of the Homestead Act 
of 1862. 
act the easily accessible water supplies available by simple 
diversion of natural flow were developed by the early home- 
steaders. 


During the period prior to passage of the 1902 


For areas removed from the immediate streams, 
or where storage was necessary for reclamation, more capital 
and credit was required than was commonly possessed by 
the home seekers. As the lands most easily irrigated passed 
rapidly into private home ownership, the latecomers found 
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themselves confronted with tasks enormously greater than 
that of their predecessors, and far beyond their means. 
Thus, opportunities for establishment of new farm homes 
would have disappeared without the public action that was 
undertaken to encourage development of the desert lands. 

Under the initial Reclamation Act, contracts were executed 
with individual water users providing for the repayment of 
their individual share of project construction costs in 10 
annual installments. Difficulties in meeting the payments 
ever so short a period led to the passage of the Reclamation 
Extension Act in 1914, which permitted the period of re- 
payment to be extended to 20 years. The acts of 1911 and 
1922 authorized negotiation of repayment contracts with 
water users’ organizations and in 1926 the laws were further 
revised to require repayment contracts thereafter with water 
users’ organizations. The irrigation payout period was 
lengthened to 40 years in the Omnibus Adjustment Act of 


1926. The Reclamation Project Act of 1939 represented a 
significant departure in the payment arrangements for 


Cost allocations were authorized for 
multiple-purpose projects, whereby irrigation was relieved 
of the responsibility of repaying total project costs, and 
required to return only the costs allocated to and assigned 


reclamation projects. 


allo- 
cations were authorized for flood control and navigation. 


for repayment by irrigation. Nonreimbursable cost 
Reimbursable cost allocations were authorized for irrigation, 
for power, and for municipal and industrial water. The 
repayment contract payout period of 40 vears was retained, 
but in addition utility-type water service contracts were 
authorized. The principle of interest-free money 
retained with respect to costs allocated to irrigation. 


was 
Finally 
allocations to fish and wildlife con- 
servation were authorized in 1946. 

Thus, have been 
broadened to encompass balanced resource development 


nonreumbursable cost 
the objectives of the original act 


which is essential not only to the expanding economy and 
population of the West, but to the entire Nation. 


Present Acreage and Location of Irrigated Lands 


Approximately 20.5 million acres of land in farms were 
irrigated in 1944 (table 14). Nearly 95 percent of this 
acreage was located in the 17 Western States and the greater 
part of the remainder was located in the three States of 
Arkansas, Florida, and Louisiana. It is estimated that the 
acreage of irrigated land in the Western States had increased 
to 21.5 million acres in 1948. Supplemental irrigation in the 
more humid areas has had an interesting but erratic develop- 
ment. Although some land has been irrigated every year 
in most of the Eastern States for the past 50 or more years, 
the total has been relatively unimportant until recent years. 
Current estimates indicate that the amount may now be in 
excess of 500,000 acres not including the approximately 
1,000,000 of irrigated rice. It is possible that the 1950 
census will show further increases. 


TaB_e 14.— Distribution of irrigated lands by Staves in 1944 


. Percent- 
State Acres age 

Arizona 736, 000 3. 6 
California 4, 953, 000 24. 1 
Colorado ; 2, 699, 000 13. 1 
Idaho 2, 026, 000 9. 9 
Kansas : 96, 000 .o 
Montana 1, 555, 000 7.6 
Nebraska 632, 000 a 1 
Nevada... 674, 000 3. 3 
New Mexico 535, 000 2. 6 
North Dakota 23, 000 a 
Oklahoma 2, 000 ; 
Oregon 1, 129, 000 5. 5 
South Dakota 53, 000 <2 
Texas 1, 320, 000 6. 4 
Utah 1, 124, 000 5. 5 
Washington 520, 000 2. 5 
Wyoming 1, 354, 000 6. 6 
17 Western States 19, 431, 000 94. 6 
Arkansas 289, 000 1.4 
Florida 222, 000 4 
Louisiana — 536, 000 2. 6 
All other States 61, 000 ag 


United States 20, 539, 000 100. 0 


1 The 1945 U. 8S. Census of Agriculture. This estimate which is 
slightly lower than the acreage reported by the 1940 Census of Irrigation 
probably represents a difference in methods of enumeration rather than 
a decrease in acreage. 


Utilization of Irrigated Lands 


Many types of crops ranging from very intensive high 
value to extensive low value crops are grown on irrigated 
land. The three most important crop groups are (1) hay, 
forage, and pasture crops; (2) cereal crops; and (3) vegetable, 
fruit, and nut crops. ‘The crops in these three groups occupy 
more than 80 percent of the total irrigated land with the hay, 
forage and pasture crop the most important group. The 
high acreage maintained in this group of crops is not only 
conducive to maintenance of productivity, but also to 
stabilization of the economy through its influence on the 
production of livestock and livestock products. The vege- 
table, fruit and nut crop acreages are made up of many types 
and varieties of crops and represent the most intensive type 
of use. Sugar beets and cotton also are crops of considerable 
importance. The percentage distribution of the various 
types of crops grown on irrigated land is shown in table 15. 

Although there is some change from year to year, and 
in the averages shown in the table, the proportions of irri- 
gated land devoted to the various kinds of crops remain 
relatively constant. The slight trends shown for the vege- 
tables, fruits, and nuts, for sugar beets and for cotton and 
the shifting between the cereal crops and the hay, forage, 
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TABLE 15.—Percentage distribution of the various types of crops 
grown on irrigated land ' 


Annual crop census, Bu- 


U.S reau of Reclamation 
Crop or crop group census 

1939 ieee Vs wie 

1939  1937-| 1940- | 1945 

woul 44 19 
Hay, forage, and pasture 51.7 | 44.8 | 41.4] 45.1 $2.7 
Cereals 24.4) 21.7 | 23.0) 21.4 23. 4 
Vegetables, fruits, and nuts 12. 3 13.8 13. 9 15. 2 16. 3 
Sugar beets a 5 6. 1 5.8 is 1.8 
Cotton ‘3 6.8 8. 9 6. 3 5. 6 
Miscellaneous as 6.8 7.0 2 wom 


1 The percentage distribution shown for the 1940 U. S. Census of 
Irrigation is based on approximately 18 million acres whereas that for 
the Annual Crop Census of the Bureau of Reclamation is based on an 
annual acreage of about 2 million. Bureau of Reclamation data prior 


to 1937 are not available in comparable form. 


Figure 39. 


gated land in the 


and pasture crops may have more significance, howevel! 
than indicated by the magnitude of the changes (fig. 39 
Productivity of Irrigated Lands 
It is estimated that yields per acre from irrigated crop- 


land will on the average exceed 7 ields per acre for all « rop- 
land in the United States by 50 percent lt 


recognized, however, that the productivity of irrigated land 


sho ild he 
varies widely and in accordance with climatic conditions, 
the quality of the land and the adequacy and quality of 
the water supply. Practically the full production on irri- 


gated land in the more arid areas results from the applica- 


tion of water. In the more humid areas, the increment in 


Based on yields of 8 principal crops for the 10-year period | t M4a 
United States in 1948 Agricultural Statistics, U. 5. Department \g 


Annual Crop Census, Bureau Re 





Irrigation, lettuce, Imperial Valley, California. 
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production which may be attributed to the application of 


irrigation water is more variable and may from 


relatively small to the total crop depending upon the amount 


range 
and distribution of the precipitation. The increasing atten- 
tion which is being directed toward irrigation in the more 
humid areas is evidence of its value in such areas. 

The yields of specific crops on irrigated land in the 17 
Western States and in Arkansas and Louisiana for 1939 were 
from one-third to over three times higher than the yields of 
the same crops on nonirrigated land. For all crops, yields 
from irrigated land were more than double the yields from 
nonirrigated land.? In another comparison, yields per acre 
irrigated for five standard cereal crops in Colorado during the 
period 1928 to 1937 averaged approximately three times as 


940 U.S. Census of Agriculture 





Figure 40. 


Irrigation, sugar beets, Buffalo Rapids project, Montana. 


much as the yields of the same crops obtained without the 
use of irrigation water.’ 

For the past several years, the value of the crops produced 
on land receiving water from facilities constructed by the 
Bureau of Reclamation has averaged over $100 per acre. In 
1949, crop values ranged by projects from approximately $25 
to $650 per acre. These values represent primarily a differ- 
ence in growing season, type of crops, and intensity of use.* 

The economic importance of this increased production may 
be expressed in the form of out-shipments and in-shipments 
associated with project development. As an illustration the 
Salt River Valley project area of Arizona shipped out 35,000 

* Field Crops in Colorado, Warren H. Leonard and Robert S. Whitney, third edition, 1950 
rocessed 


‘1949 Crop Summary and Related Data, Federal Reclamation Projects, Bureau of Recla 
tion, U. 8S. Department of the Interior. 


(Priming-siphon tube). 
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carloads of agricultural products in 1949 valued at $73 
million and received over 50,000 carloads of various com- 
modities valued in excess of $188 million. Most of the 
commodities shipped in were manufactured goods from the 
eastern and midwestern markets. On the basis of data 
collected from certain other projects, it is estimated that 
total in-shipments to Federal reclamation areas in 1948 
amounted to $1,700 million. 


Present Status of Project Development 
Approximately 92,000 irrigation enterprises including 
individuals and partnerships, had an investment of over 
$1 billion in project facilities and provided water to 21,000,000 
acres In 430,000 farms in 1939. These results by types of 
enterprise are summarized in table 16. By 1949, water was 
supplied from facilities constructed by the Bureau of Recla- 
mation to approximately 4.8 million acres of land. These 


» A 


¢ 
pit 


Ficure 41. 
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facilities were adequate to serve an additional area of 


approximately 850,000 acres. ‘This includes land in rights-of- 
way and nonproductive farm use and land which has not 
been developed because of the normal lag in development 
and because some of the land in the earlier projects has been 
found unsuitable for irrigation development The total 
Federal investment in these facilities including those 


for other 


project purposes such as power, municipal water and flood 


control amounts to approximately $1.5 billion Ihe 
irrigated lands in non-Federal projects represent for thi 
most part the earlier developments which had rather readily 
available water supplies and individual developments such 


as those resulting from direct stream diversion or pump 


irrigation. The investment in these facilities, as shown in 
table 16, amounted to approximately $800 million in 1939 
the last year for which estimates are available 


§The Reclamation Program, 1950-56, Bureau Reclamat { Dex + 


Interior 





Irrigation, almond grove, Sacramento J alley, Calif. 
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TABLE 16.—Jnvestment in various types of irrigation enterprises 
and number of enterprises with number of farms and acres 
served ! 


Number of en- 
Area served 


terprises 
Total in- 
Type of enterprise vestment 
(OOO) 5 or vane : 
Toeel bean Farm - a s 
anhid units |§ (O00) 
Individuals and partnerships_; $187, 383,86, 050, 1,093 90,037 7, 314 


Cooperatives 224, 141) 4, 356) 3, 701/148, 294) 6, 652 

Irrigation and reclamation 
districts 268, 151 $41 133,108, 338 3, 574 
Bureau of Reclamation 2 .| 250, 245 97 96| 43, 517) 1, 824 
Commercial 66, 244 275 239; 19, 210) 1,018 
Indian 18, 420 188 117) 15, 254 516 
Other 7, 465 230 §3| 5, 372 106 
Total 1, 052, 049 91, 637, 5, 732 430, 022 21, 004 


1 From the 1940 U. 8S. Census. 

2 Does not include acreages served with supplemental water since the 
latter areas are represented in other classifications, but the construction 
costs of facilities under contract to provide such supplemental water are 
included in the investment. 


Potential Irrigation Development 


The Bureau of Reclamation has estimated that there is 
sufficient water available to provide 16,695,000 additional 
acres of land with a full supply and to provide 8,706,000 
acres of presently irrigated lands with supplemental water.® 
These estimates were based on recognized requirements for 
engineering feasibility but did not consider the economic 
Neither 
did they take into account the development which might be 
accomplished under unrestricted 


feasibility or justification for individual projects. 


transbasin diversions of 
water. 

Converting the above estimates of 16,695,000 and 8,706,000 
acres to the average cropland equivalent for the United 
States on the basis of the following assumptions: (1) 3 acres 
receiving a supplemental water supply equaling 1 acre 
receiving a full supply, (2) 25 percent of the land being 
retained in pasture and 3 acres of pasture land equaling 
1 acre of cropland, and (3) the vields of irrigated land 
exceeding average vields for the United States by 50 percent 
would result in approximately 25 million acres of average 
cropland equivalent. 


6 The Reclamation Program, 1950-56, Bureau of Reclamation, U. 8. Department of the 
Interior. 


An estimate by the National Resources Board in 1934 
placed the ultimate acreage that could be irrigated in the 
17 Western States at 51.5 million acres.’ Based on this 
estimate, there would remain approximately 30 million 
susceptible of development. 

The rate of development of these lands will be contingent 
upon many factors and the above estimates should be con- 
sidered as approaching the upper ultimate limit rather than 
being attained within the foreseeable future. Based on 
present authorizations, programing, and past experience, 
the bringing in of 6 million acres of irrigated cropland equiv- 
alent into full production by 1975 or 9,000,000 acres of aver- 
age cropland equivalent would appear possible of accom- 
plishment. In addition to this some further development of 
land now provided with facilities may be anticipated as 
well as some further increase in pump irrigation and in 
development of various types of irrigation facilities through- 
out the Eastern States. Likewise, water may be conserved 
and production increased on existing projects by more effi- 
cient use of water through (1) rehabilitation of the facilities 
such as lining the canals, thereby saving water; (2) avoiding 
overuse of water, thereby not only increasing yields on the 
land concerned but saving water for use elsewhere; and (3) 
saving or salvaging water that is lost or transpired through 
noneconomic plants such as salt cedars and other types of 
vegetation and by treatment of sewage. Although firm 
estimates pertaining to such potential savings are not avail- 
able, significant amounts of water can be conserved frequent- 
ly at relatively low cost. As an illustration, it has been 
estimated that 40,000 acre-feet of water can be conserved 
in the Mojave River Basin in California by eradication of 
cottonwood trees. 

The reclamation program for 1950-56 encompasses the 
providing of a full supply of water to 1,613,700 aeres and 
supplemental water to 2,919,800 acres at a total cost of 
$2,165,686,000 for project facilities including those for 
flood control, and other purposes. To complete 
the projects involved in this program would provide a full 
water supply to an additional 5,775,000 acres and supple- 
mental supply to 1,363,300 acres at an additional cost of 
$1,861,451,000. Completion of this total program would 
provide approximately 7.4 million acres of irrigated cropland 
equivalent or somewhat more than that 
possible of accomplishment by 1975. 


power, 


which appears 
It is not possible to 
provide estimates of the time of completion or costs of the 
remaining land considered susceptible of irrigation develop- 
ment. 


‘National Resources Board report, December 1934, p. 129. 
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Status of Hydroelectric Power Development 
in the United States 


EK. Ropert pe Luccia, Chief, Bureau of Power 


FraNK L. Weaver, Chief, Division of River Basins, Federal Power Commission 


Tue status of hydroelectric power development in the 
United States as of January 1951 with respect to existing 
developments and estimated undeveloped power is presented 
in the following tables and accompanying text. 


Existing Hydroelectric Power in the United States 


Generating capacity installed in the existing hydro- 
electric power plants in the United States as of January 1, 
1951, and the generation in 1950, based on figures available 
at time of compilation are shown in table 17. These data 
are subdivided by classes of ownership for the nine geographic 
divisions and for the United States as a whole. The classes 
of ownership are private utilities, Federal, non-Federal pub- 
lic, and industrial. 

The aggregate installed capacity on January 1, 
18,667,426 kilowatts. The generation in 
billion kilowatt-hours, or 
kilowatt. 


1951, was 
1950 was 101 
about 5,400 kilowatt-hours per 
This indicates an over-all national plant factor 
of 61.7 percent, in comparison with 51.3 percent for fuel- 
electric plants. 

The aggregate installed hydroelectric capacity of 18,- 
667,426 kilowatts amounted to 22.7 percent of the total 
82,411,018 kilowatts of all types of prime movers, hydro and 
fuel-electric. The aggregate hydroelectric generation in 1950 
of 101 billion kilowatt-hours amounted to 26 percent of the 
total electric energy production of 388,087,731,000 kilowatt- 
hours during that year. 

The installed capacity in privately owned electric utility 
hydro plants was 9,654,265 kilowatts or about 51.6 percent 
of the total. Federal and non-Federal public hydro installa- 
tions amounted to 8,008,587 kilowatts or about 43 percent 
of the total. The 1,004,574 kilowatts of industrial installa- 


tions account for 5.4 percent. 
Hydroelectric Power Plants Existing and Under 
Construction 


Table 18 shows hydroelectric power plants in operation or 
under construction as of January 1, 1951, in which it is 


planned ultimately to install generating capacity of 100,000 
kilowatts or more. The table shows for each plant the river 
basin and State in which it initial 
installed capacity, planned installed capacity, average annual 
generation with ultimate installation, and regulatory storage. 

The existing 8,896,690 kilowatts of installed capacity in 
the 46 larger plants is 48 percent of the total 18,667,426 
kilowatts installed in the United States as of January 1, 1951 


is located, present or 


This percentage will increase since the aggregate ultimate 
installations for all the smaller plants now under construction 
will be only about 1,000,000 kilowatts, whereas the large 
projects now under construction will add 4,456,500 kilo- 
watts of power to the installed hydroelectric capacity during 
the next few years. The planned ultimate capacity of 
17,162,755 kilowatts in the large plants now existing and 
under construction represents about 16 percent of the 106,- 
271,000 kilowatts of total hydroelectric power capacity that 
can be developed in the United States according to estimates 


as of January 1, 1951. 


Undeveloped Power for Selected River Basins 


Table 19 compares the existing development as of January 
1, 1951, and the undeveloped hydroelectric power for most 
The 
installations at existing plants in these basins total 14,659,524 


of the principal river basins in the United States 


kilowatts, or about 78 percent of the total now developed, 
and the corresponding average annual generation of these 
plants totals 78.4 billion kilowatt-hours, or about 81 percent 


of the total generation. The undeveloped generating 
capacity in these basins totals 71,289,000 kilowatts, or 


about S81 percent of the estimated aggregate undeveloped 
water power in this country. The corresponding estimated 
average annual generation totals 317.4 billion kilowatt-hours 
or about 81 percent of the estimated aggregate. 

The following have the largest existing development of 
hydro power resources: The Columbia River, with 3,208,676 
kilowatts; the 2,610,072 
2,209,490 kilowatts: and 
the Colorado River Basin, with 1,328,678 kilowatts 


with 
Sacramento-San Joaquin, with 


Tennessee, kilowatts: the 
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Undeveloped Hydroelectric Power in the United States 


The estimates of undeveloped hydroelectric power in the 
United States are shown in table 20 and were prepared by the 
Federal Power Commission as of January 1951. The esti- 
mates of capacity represent a summation of the rated capaci- 
ties of generators which would normally be installed at the 
sites where hydroelectric developments appear to be feasible, 
assuming regulation of flow by storage, allowance for deple- 
tions due to required consumptive use, and assuming that 
each site will be developed to achieve, in conjunction with 
the development of other sites, the best over-all development 
of the water resources of the river basin for power and 


Tapes 17; 


multiple-purpose use. The estimates of generation represent 
a summation of the average annual generation of energy at 
these hydroelectric developments. 

The estimates are based upon the best information avail- 
able, as obtained from many different sources, and include 
projects at sites where physical conditions indicate engineer- 
ing feasibility and promise of economic feasibility sometime 
in the future. In cases where sites are on interstate boundary 
sections of rivers the available power has been, in general, 
divided equally between adjoining States. At sites involving 
international boundaries one-half of the potential power has 
been divided equally. The estimates are subject to revision 
either by increase or decrease as additional information 


Existing hydroelectric power in the United States as of Jan. 1, 1951! 


INSTALLED CAPACITY—KILOWATTS 


Privately 
owned electric 


Geographic division (see note 


Non-Federal 
public power 


Federal 


° us is 
public power Industrial 


Total 
power plants ' 


utilities plants plants 

United States 9, 654, 265 6, 448, 320 1, 560, 267 1, 004, 574 18, 667, 426 
New England 938, 313 23, 608 268, 225 1, 230, 146 
Middle Atlantie 1, 576, 890 25, 533 75, 602 1, 678, 025 
Kast North Central 758, 032 70, 451 71, 113 899, 596 
West North Central 124, 541 152, 744 57, 577 634, 862 
South Atlantic _ - 1, 821, 336 286, 600 1S8, 965 470, 595 2, 767, 496 
East South Central 666, 985 2, 043, 400 10, 373 8, 000 o Jae. ¢00 
West South Central__. 98, 620 148, 500 215, 959 3, 050 166, 129 
Mountain 922, 327 1, 247, 420 108, 833 4,013 2, 282, 593 
Pacific 2, 447, 221 2, 722, 400 763, 801 16, 399 5, 979, 821 

GENERATION 1950—1,000 KILOWATT-HOURS 

United States 50, 633. 631 38, 414 272 6, 880, 222 $, 944, 793 100, 872, 918 
New England 3, 585, 223 89, 682 1, OS1, 368 4, 756, 273 
Middle Atlantic 9 833, 810 150, 276 355, 062 10, 339, 148 
East North Central 3, 052, 619 291, 728 369, 768 3, 214, 115 
West North Central 2, 275, 960 601, 645 272, 109 3, 149, 714 
South Atlantie 7, 145, 403 1, 437, 951 699, 340 2, 555, 716 11, 838, 410 
Kast South Central 3, 128, 663 12, 448, 407 37, 437 24, 700 15, 639, 207 
West South Central 253, 210 531, 687 591, 601 8, 783 1, 384, 281 
Mountair 5, 759, 196 6, 172, 544 167, 3H 14, 325 12, 403, 376 
Pacific 15, 599, 547 17, 823, 683 3, 961, 202 262, 962 37, 647, 394 

NOTE 


New England: Maine, New Hampshire, Vermont, Massachusetts, 
Rhode Island, Connecticut. 

Middle Atlantic: New York, New Jersey, Pennsylvania. 

East North Central: Ohio, Indiana, Illinois, Michigan, Wisconsin. 

West North Central: Minnesota, lowa, Missouri, North Dakota, South 
Dakota, Nebraska, Kansas. 


South Atlantic: Delaware, Maryland, District of Columbia, Virginia, 
West Virginia, North Carolina, South Carolina, Georgia, Florida. 


East South Central: Kentucky, Tennessee, Alabama, Mississippi. 

West South Central: Arkansas, Louisiana, Oklahoma, Texas. 

Mountain: Montana, Idaho, Wyoming, Colorado, New Mexico, Ari- 
zona, Utah, Nevada. 

Pacific: Washington, Oregon, California. 


| Figures subject to minor revisions and adjustments when pre- 
pared in final form for publication. 
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becomes available concerning stream flow, reservoir sites, hours of undeveloped hydroelectric energy is approximately 
and other pertinent matters. equal to the total production of 388 billion kilowatt-hours of 

Some conception of the significance of the undeveloped electric energy in the United States in 1950. However, on 
water power in terms of present and prospective power supply the average, the plant factor of this hydro would be somewhat 
may be obtained by noting that the 390 billion kilowatt- lower than the national plant factor in 1950. 


TaBLeE 18.—Hydroelectric power plants existing and under construction in United States with ultimate capacity of 100.000 kilowatts or 
more as of Jan. 1, 1951 ' 


FEDERAL POWER PLANTS 





Installed capacity Average Regu 
b annual aLor\y 
Name of plant River ake Present Planned alchonaiae 1.000 
or initial ultimate 1,000 kilo- ACI 
kilowatts kilowatts  watt-hours feet 
Crrand Coulee Columbia Washington_-_ 1, 640, 000 1, 974, 000 14, 000, 000 5, 212 
Chief Joseph !_ _. do do 1,024,000 1,536,000 8, 681, 000 
Hoover Colorado Arizona- Nevada 1, 034, SOO 1, 332, 300 5, 348, 000 22, 14 
MeNary ! Columbia 5 Washington-Oregon 840, 000 980, 000 — 6, S05, 000 
Bonneville — - do Oregon : 518. 400 518.400 3.578. 000 
Wilson ‘ Tennessee Alabama $36, 000 $36, 000 2, 492, 000 70 
Oahe ! Missouri A South Dakota 170, 000 125.000 = 1, 904, 000 3. 400 
(;arrison ! do North Dakota 240, 000 100, 000 1, 712, 000 13. 850 
Shasta_- Sacramento California 379, 000 379. 000 1. 965. 000 3. 200 
Bull Shoals !. White Arkansas 120, 000 320, 000 664. 000 626 
Fort Randall ! Missouri South Dakota 160, 000 320, 000 1, 236, 000 2, 450 
Hungry Horse! Flathead Montana 285, 000 285, 000 | 1, 176, 000 2, 980 
Clark Hill !_- Savannah - South Carolina-Georgia 280, 000 280. 000 703, 000 1, 340 
Wolf Creek ! Cumberland _ - ...--| Kentucky 270, 000 270, 000 867, OOO 2, 142 
Wheeler Tennessee Alabama : 259, 200 259, 200 ~—s-11, 244, 000 328 
Davis ! Colorado Arizona 225, 000 225. 000 990. 000 1. 600 
Pickwick Landing Tennessee Tennessee 144, 000 216,000 1, 329, 000 239 
Buggs Island ! Roanoke _ - Virginia-North Carolina 108, 000 204, 000 110, 000 1. O85 
Fontana_ — _- Tennessee. North Carolina 135, 000 202, 500 $50. 000 1. 157 
Denison __.- ted Texas-Oklahoma 70, 000 175, 000 300, 000 1814 
Folsom ! American California : 162, 000 162. 000 503. 000 R90 
Kentucky Tennessee Kentucky 160,000 1, 160,000 1, 160, 060 721 
Watts Bar do Tennessee 150, 000 150. 000 790. 000 209 
Norfork White ‘ Arkansas 70, 000 140. 000 168, 000 706 
Center Hill! Caney Fork Tennessee - - 135, 000 135, 000 328, 000 192 
Fort. Loudon Tennessee do. 128, 000 128, 000 530, 000 82 
Douglas French Broad do 86, OOO 112, 000 106, 000 1, 358 
Parker Colorado _ - California 120, 000 120. 000 831, 000 218 
Cherokee____ Holston Tennessee 60, 000 120. 000 322, 000 1,412 
Hiwassee Hiwassee North Carolina 57, 600 115, 200 265, 000 362 
Palisades !__ Snake Idaho 67, 500 112, 500 521, 000 1, 200 
Chickamauga ‘Tennessee - Tennessee : $1, 000 108, 000 745, 000 238 
Allatoona Etowah. _ Georgia 74, 000 108, 000 169. 000 253 
Fort Peck- Missouri Montana 50, 000 105, 000 730. 000 18. 795 
Norris Clinch _ _ - Tennessee 100, 800 100, SOO 100, 000 1. 761 
Detroit ! North Santiam Oregon 100, 000 100, 000 340, 000 340 
Total, 21 existing plants 5, 753, 800 | 6, 959, 400 37, 622, 000 
Total, 15 plants under con- 1,186,500 5, 754,500 26, 840, 000 
struction! 
Total, 36 Federal plants aah 9, 940, 300 12,713, 900 64, 462, 000 


1 Plants under construction. 
> Total multiple-use storage is shown for Federal plants. 
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Tasve 18.-—Hydroelectric power plants existing and under construction in United States with ultimae capacity of 100,000 kilowatts or 


more as of Jan. 1, 1951 '—Continued 


PRIVATELY OWNED HYDROELECTRIC POWER PLANTS 





1 Plants under construction. 


2 Total multiple-use storage is shown for Federal plants. 





Installed capacity | Average Regu- : 
gl tls eee annual latory , 
Name of plant River State Present Planned | an 1000 
or initial | ultimate | (1,000 kilo-| acre- 
kilowatts kilowatts | watt-hours)! feet) 
Safe Harbor Susquehanna Pennsylvania 230, 000 388, 000 920, 000 63 
Conowingo ee Maryland 252, 000 396, 000 ~—-:1, 600, 000 71 
Shoellkopf Niagara New York 336, 050 336,050 = 3, 150, 000 
Saluda Saluda South Carolina 130, 000 195, 000 200, 000 1, 600 
Rock Island Columbia Washington 61, 225 180,000 1, 500, 000 oe 
Merwin Lewis do 91, 000 180, 000 456, 000 246 
Osage _. Osage Missouri 133, 200 176, 200 375, 000 1, 235 
Keokuk Mississippi lowa 117, 600 149, 600 1, 000, 000 128 
Comerford Connecticut New Hampshire 140, 400 140, 400 310, 000 27 
Big Creek No. 3 San Joaquin California 107, 100 | 135, 000 743, 000 l 
Martin Tallapoosa Alabama 99, 000 132, 000 400, 000 1,375 
Pit No. 5 Pit California 128, 000 128, 000 $26, 000 
Jordan Coosa Alabama 100, 000 125, 000 550, 000 14 
Calderwood Little Tennessee... Tennessee 121, 500 121, 500 540, 000 4 
Chelan Chelan Washington 48, 000 120, 000 467, 000 676 
Rock Creek North Fork Feather_- California 113, 400 113, 400 494, 000 2 
Kerr Flathead Montana 112, 000 112, 000 700, 000 1, 217 
Holt wood Susquehanna Pennsylvania 111, 000 111, 000 590, 000 19 fe 
Cheoah Little Tennessee_. North Carolina 110, 000 110, 000 517, 000 2 : 5 
Walters Big Pigeon __do 108, 000 108, 100 306, 000 20 «| 
White River__- White Washington 62, 000 100, 000 310, 000 56 : 
Total, 21 privately owned | 
hydroelectric power plants 2,711,475 | 3, 557, 250 |15, 954, 000 
NON-FEDERAL PUBLIC POWER PLANTS | 
Ross ! Skagit Washington 270, 000 360, 000 847, 000 3, 000 i 
Pinopolis Santee South Carolina 132, 615 163, 215 640, 000 650 
Gorge Skagit Washington 74, 400 144,000 1, 000, 000 ! 
Diablo do do 122, 400 122, 400 800, 000 50 i 
Total, 3 existing plants__ 329, 415 $29,615 | 2, 440, 000 . 
Total, 1 plant under con- 270, 000 360, 000 847, 000 : 
struction. { 
Total, 4 non-Federal public 599, 415 789, 615 | 3, 287, 000 ) 
power plants. j 
INDUSTRIAL POWER PLANTS | 
Hawks Nest New West Virginia 102, 000 102, 000 567, 000 
Total, 46 existing plants 8, 896, 690 (11, 048, 255 56, 583, 000 
Total, 16 plants under con- 1, 456, 500 | 6, 114, 500 |27, 687, 000 4 
struction. i 
Grand total, 62 plants _|13, 353, 190 17, 162, 755 84, 270, 000 : 
: 
3 
| 
| 
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TABLE 19.—Developed and undeveloped hydroelectric power of selected river basins of the United States as of January 1951 


River basin 


Androscoggin 
Connecticut 
Niagara 
Hudson 
Susquehanna 
Potomac 
Santee 
Savannah 
Alabama-Coosa 
Ohio (except Tennessee and 
Cumberland) 
Tennessee 
Cumberland 
Colorado (Texas) 
ted 
Arkansas 
White 
Missouri 
Colorado 
Sacramento-San Joaquin 
Columbia 


Totals: 
Listed basins 
Unlisted basins 
United States 


TABLE 20.—Estimated undeveloped water power in the 


Existing development 


Num- 
ber of 


31 
120 


62 
26 
21 
58 
20 
10 


121 


| 


| 


Installed 
capacity 
plants (kilowatts) 


138, 


510, 


419, 


314, 
628, 

18, 
845, 
203, 
501, 


196, 

2, 610, 
113, 
117, 
156, 
85, 
87, 
665, 

, 028, 
209, 
208, 


wh 


t, 659, 
t, OO7, 
8, 667, 


839 
836 
487 
711 
620 
135 
924 
157 


177 


129 
072 
820 
020 
724 
295 
040 
094 
678 
490 


676 


524 
902 


$26 


Average 


annu 


al 


generation 
(1,000 kilo- 
watt-hours) 


779, 
1, 830, 
3, 879, 
, 482, 
, 914, 
87, 
2, 377, 
566, 
2, 190, 


— 


bo 


1, 884, 
13, 836, 
600, 
399, 
398, 
375, 
234, 

3, 650, 
6, 898, 
12, 670, 
21, 370, 


78, 418, 
18, 489, 
96, 907, 


States, by geographic divisions and States, as of January 195 


Division or State 


Continental United States 


New England 
Middle Atlantic 
Kast North Central 
West North Central 
South Atlantic 

Kast South Central 
West South Central 
Mountain 

Pacific 


New England: 
Maine r 
New Hampshire 
Vermont 
Massachusetts 
Rhode Island 
Connecticut 


Installat 


ion 


Kilowatts 


87, 604, 


w~ ~* ’ 


pe OO ore 


3, 568, 
23, 440, 
29, 768, 


1, 611, 
59Y, 
625, 


301, 


114, 


000 


. 000 
, 000 
, 000 
, 000 
, 000 
», 000 


000 
000 
000 


000 
000 
000 
000 

0 
000 


000 
000 
000 
000 
000 
000 
000 
000 
000 


000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 


000 
000 
000 


United 


l 


Average annual 


ve 


‘neration 


Kilowatt-hour Ss 


389, 


10, 


25 
11 


9° 


a), 


26, 
19, 
10. 
100, 
161, 


815, 000, 


240, 000, 
555, 000. 
090, 000, 
164, 000, 
114, 000, 
S18, 000, 
333, 000, 
313, 000, 
ISS, O00, 


. 6S4, OOD, 
, 559, O00, 
, 585, 000, 


GLS8, OOO, 


194, OOO, 


000 


000 
000 
000 
000 
000 
000 
000 
000 
000 


000 
000 
000 
000 

0 
000 


Undeveloped power 


Installed 
capacity 
(kilowatts) 


370, 000 
953, 000 
1, 250, 000 
351, 000 


2, 124, 000 
772, 000 
575, 000 

1, 061, 000 

2, 085, 000 


5, 194, 000 
813, 000 
799, 000 
227, 000 
803, 000 

1, 192, 000 

1, 577, 000 

8, 634, 000 

5, 733, 000 

5, 537, 000 

31, 239, 000 


71, 289, 000 
16, 315, 000 
87, 604, 000 


Average 
annual 
generation 
(1,000 kilo- 
watt-hours) 


, 214, 000 
, 695, 000 
, 900, 000 
885, 000 
588, 000 
331, 000 
952, 000 
257, 000 
9, 631, 000 


worn > 


, 305, 000 
, 955, 000 
9, 000 
, 000 
, 000 
, 000 
, 000 
10, 868, 000 
29, 014, 000 
27, 398, 000 
148, 229, 000 


to 


5! 


H CO OO >I 
“IW Cr 


bo bo 


tH DO OF 


317, 436, 000 
72, 379, 000 
389, 815, 000 


Installed 
capacity 
(kilowatts) 


bo 


509 


, 464, 
, 673, 


666, 


\ Tak 


790, 


, 420, 
, 264, 
, O86, 


, 690, 
, 423, 


913, 
344, 
960, 


, 278, 


1, 664, 


85, : 
20, ¢ 
106, 2 


299, 


, 062, 


768, 


, 448, 


Total 


Average 


annual 
generation 
1,000 kilo- 


watt-hours 


000 l 
000 } 
000 11, 
000 2, 
000 z 
000 2 
000 t 
000 3, 
000 11 
000 24, 
000 15, 
000 3, 
000 

000 2. 
000 5. 
000 3, 
000 14. 
000 35. 
000 10), 
000 169 
000 395 
000 90 
000 tR6. 


, 993, 000 
. 525, 000 


779, 000 


367, 000 
502, 000 


£18, 000 
329, 000 
823, 000 


, 821, 000 


189, 000 
791, 000 
159, 000 
934, OOO 
273, 000 
197, 000 
658, OOO 
518. OOO 
812, OOO 
O68. 000 
599, 000 


854, OOO 
SOS. OOO 


722, 000 


Percent 
of total 
capac- 
itv de- 
veloped 


on 


bo ee OW bo 


bo Ww 


TaBLe 20.—Estimated undeveloped water power in the United 
States, by geographic divisions and States, as of January 1951 
Continued 


Division or State 


Middle Atlantic 
New York 
New Jersey 


Pennsylvania 
Kast North Central: 


Ohio 


Indiana 
Illinois 
Michigan 


W isconsin 
West North Central: 
Minnesota 


lowa 


Missouri 


North Dakota 
South Dakota 


Nebraska 


Kansas 


Installation 


Ailowatis 
3, 051, OOO 
225, 000 


3. 296. 000 


212. 000 
323, 000 
lL, 111, OOO 


357, 000 
341, OOO 


227. 000 
$14, 000 
2. 472, 000 
652, 000 
1, 279, 000 
$41, 000 


290, 000 


A 
16. 903 


785 


(, SOG 


val 
L. 35] 
6. 27 
L132 
1. 577 
1, 116 
1, SYS 
10, 775, 
a 043 
{ 19) 
2, 504 
1, 422 


O00, OOO 
O00, OOO 
O00, OOO 


000, 000 
000. OOO 
000, 000 


2. 000, 000 


000, OOO 


000, 000 
000, 000 
000, 000 
500. OOO 
O00, OOO 
000, OOO 
000, 000 
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TaBLeE 20.—Estimated undeveloped water power in the United 
States, by geographic divisions and States. as of January 1951— 
Continued 


1 Pacific 

2 Mountain 

& West North Central 
4 West South Central 


Average annual 5 East North Central 


Division or State . 
generation 


Installation : 
6 East South Central 


7 South Atlantic 


South Atlantic: 


Kilowatts Kilowatt-hours & Middle Atlantic 


Delaware 0 0 





9 New Engtend 
Maryland 382, 000 1, 007, 000, 000 
District of Columbia 60, 000 221, 000, 000 Sididibenathentiion 
Virginia 1, 371, 000 1, 487, 000, 000 ar. 
West Virginia 2, 097, 000 7, 379, 000, 000 
North Carolina 1, 169, 000 2, 881, 000, 000 wc mii 
South Carolina 940, 000 3, 315, 000, 000 
Georgia 2, 042, 000 6, 498, 000, 000 
Florida 90, 000 326, 000, 000 
East South Central: : ’ ; . : ’ , . . 
Kentucky 1, 576, 000 7, 027, 000, 000 Ficure 42.—Existing and undeveloped hydroelectric power by geographic 
Tennessee 970, 000 2, 835, 000, 000 divisions. 
\labama 1, 780, 000 8, 137, 000, 000 
Mississippi 110, 000 1, 819, 000, 000 , 
West South Pes: ‘Total Hydroelectric Power in the United States by 
Arkansas 1, 696, 000 1, 783, 900, 000 Geographic Divisions 
Louisiana 50, 000 200, 200, 000 
Oklahoma 963, 000 3, 134, 910, 000 Table 21 presents a summary of existing and undeveloped 
Texas 859, 000 2, 213, 500,000 hydroelectric power in the United States by geographic 
Mountain: divisions, as of January 1, 1951. The Pacifie division has 
Montana 6, 835,000 25, 064, 000, 000 a sci ails line §.979.821 
ete 8 876. 000 37. 473. 000, 000 the largest aggregate existing development, totaling 5,979,82 
Woewiisine 797. 000 3 699.000.0009 kilowatts, or 32 percent of the United States total. In the 
Colorado 1, 630, 000 8, 067,000,000 ~~ eastern half of the United States, the South Atlantic division 
New Mexico 179, 000 880, 000, 000 has the largest aggregate existing development, totaling 
Arizona 3, 701, 000 | 18, 900, 000, 000-9. 767,496 kilowatts, or about 15 percent of the total (fig. 42). 
Utah 1, 311, 000 6, 118, 000, 000 on i a ci ates : 
aca 111. 000 112, 000, 000 The Pacific division also exceeds the other geographic 
Pacific: divisions in amount of undeveloped hydroelectric power, 
Washington 15,910,000 87, 149, 000, 000 totaling 29,768,000 kilowatts, or 34 percent of the total for 
Oregon 6, 350,000 = 34, 797, 000, 000 the United States. The Mountain division accounts for 


California 7, 508, O0CO 39, 242, 000, 000 


23,440,000 kilowatts, or 27 percent of the total. In the 
eastern half of the United States, the South Atlantic division 


TABLE 21. Existing and undeveloped hydroelectric power in the United States by geographic divisions, Jan. 1. 1951 


Existing development Undeveloped power Total 


Divisions 
Average annual 
generation 


Average annual 
generation 


Average annual 
generation 


Capacity Capacity Capacity 


1,000 1,000 1,000 
Kilowatts kilowatt-hours Kilowatts kilowatt-hours Kilowatts kilowatt-hours 

United States § 18, 667, 426 96, 907, 000 8&7, 604, 000 389, 815, 000 106, 271, 000 486, 722, 000 
New England 1, 230, 146 5, 033, 000 3, 250, 000 10, 240, 000 4, 480, 000 15, 273, 000 
Middle Atlantic 1, 678, 025 9, 721, 000 6, 572, 000 25, 555, 000 8, 250, 000 35, 276, 000 
East North Central 899, 596 t, 184, 000 2, 344, 000 11, 090, 000 3, 243, 000 15, 274, 000 
West North Central 634, 862 2, 756, 000 5, 775, 000 25, 164, 000 6, 410, 000 | 27, 920, 000 
South Atlantic 2, 767, 496 10, 644, 000 8, 151, 000 26, 114, 000 10, 918, 000 36, 758, 000 
East South Central 2, 728, 758 14, 006, 000 1, 736, 000 19, 818, 000 7, 465, 000 33, 824, 000 
West South Central $66, 129 1, 497, 000 3, 568, 000 10, 222, 000 4, 034, 000 11, 830, 000 
Mountain 2, 282, 593 12, 550, 000 23, 440, 000 100, 313, 000 25, 723, 000 112, 863, 000 
Pacific 5, 979, 821 36, 516, 000 29, 768, 000 161, 188, 000 35, 748, 000 197, 704, 000 
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PHYSICAL BASIS OF WATER SUPPLY 


i North Pace 
2 Sowth Pacific 

$ Great Basin 

4 Colorado River 


§ Missowm Kever 


KW in millions 


& Lower Misssempp: Kiver 
7? Western Guif 

§ Hudson Bay 

9 Looper Mieswsipp Rover 
1@ Eastern Gulf 

tt Ohso River 


12 Great Lakes St. Lawrence 


‘é 


13 South Atiantic 
i4 North Atlant 


Undevetoped power 


1° Existing power 


by Major Draenage Basins 





FicureE 43. 


basins. 


has the largest amount of undeveloped hydroelectric power, 
totaling 8,151,000 kilowatts, or about 9 percent of the total. 

The major portion of the total possibilities for the devel- 
opment of hydroelectric power is in the Pacific and Mountain 
divisions, which together have about 61 of the 
country’s total. 


percent 


Hydroelectric Power by Drainage Divisions 


Table 22 presents a summary of the existing and undevel- 
oped hydroelectric power in the United States by major 


Existing and undeveloped hydroelectric power by major drainage 


AND ITS PRINCIPAL USES de 


drainage basins as of January 1, 1951. The North Pacific 
drainage has the largest aggregate existing development with 
3,872,374 kilowatts installed capacity. Taken together with 
the total of 2,289,540 kilowatts installed in the South Pacific 
drainage, the aggregate existing development on rivers 
draining into the Pacific Ocean is 6,161,914 kilowatts, 
about one-third of the country’s total (fig. 43). 

The undeveloped power of the North Pacific drainage, 
which is comprised chiefly of the Columbia River Basin, is 
far in excess of other drainages, amounting to 34,945,000 
kilowatts, or 40 percent of the United States total. The 
Missouri River drainage is second in amount of undeveloped 
hydroelectric power, with a total of 8,633,000 kilowatts 
capacity, or close to 10 percent of the country’s total. 


or 


The combined existing and undeveloped power in the 
North Pacific drainage of 38,817,000 kilowatts is about 
percent of the United States total. Next in amount is the 
Ohio River drainage with 10,018,000 kilowatts, or about 9.5 
percent. The North Atlantic, South Pacific, and Missouri 
River drainages follow in order with 9,649,000, 9,514,000, 
9 298 000 


Q~ 
od 


and kilowatts, respectively, each 


about 9 percent of the total. 


representing 


\verage Annual Runoff and Total Fall 


for Selected 


River Basins 


Table 23 shows for selected river basins in the United 
States the average annual runoff from the drainage area 
above the lowest point on the river for which average annual 
runoff has been determined, and also the approximate total 


TABLE 22,—Existing and undeveloped hydroelectric power in the United States by major drainage basins. Jan. 1, 1951 


Existing development 


Drainages 


Capacity 


Average annual 
generation 


1,000 


Undeveloped power Total 


Average annual 
generation 


; ‘ (verage annual 
Capacity Capacity erage annual 


generation 


1,000 1.000 
Kilowatts kilowatt-hours Kilowatts kilowatt-hours Kilowatts kilowatt-hours 

United States 18, 667, 426 96, 907, 000 87, 604, 000 389, 815, 000 106, 271, 000 {86, 722, 000 
North Atlantic 2, 202, 031 9, 469, 000 7, 447, 000 20, 478, 000 9. 649, 000 20, 947, 000 
South Atlantic 1, 413, 059 1,591, 000 3, 704, 000 11, 689, 000 5, 117, 000 16, 280. 000 
Eastern Gulf 652, 691 2, 875, 000 3, 118, 000 12, 796, 000 3, 771, 000 15, 671, 000 
Ohio River 3, 211, 421 16, 345, 000 6, 807, 000 26, 819, 000 10, 018, 000 13, 164, 000 
Great Lakes-St. Lawrence 1, 531, 310 8, 999, 000 3, 312, 000 IS, 155, 000 +, 843, 000 27. 154, 000 
Hudson Bay 18, 107 80, 000 20, 000 91, 000 38, 000 171, 000 
Upper Mississippi River 598, 892 2, 904, 000 746, 000 3, 416, 000 1, 345, 000 6, 320, 000 
Missouri River 665, 094 3, 651, 000 8, 633, 000 10, 868, 000 4, 298, 000 $4,519, 000 
Lower Mississippi River 320, 559 1, 009, 000 $1, 339, 000 12, 801, 000 1, 660, 000 13, 810, 000 
Western Gulf 199, 605 692, 000 899, 000 2, 979, 000 1. 099, 000 3, 671, 000 
Colorado River 1, 323, 478 6, 898, 000 5, 738, 000 29, 014, 000 7. 062, 000 35, 912, 000 
Great Basin 369, 265 1, 195, 000 671, 000 2, 876, 000 1, 040, 000 +, 071, 000 
South Pacific 2, 289, 540 13, 104, 000 7, 225, 000 38, 049, 000 9, 514, 000 51, 153, 000 
North Pacific 3, 872, 374 25, 095, 000 34, 945, 000 169, 784, 000 38, 817, 000 194, 879, 000 
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fall between the point and the highest existing or undeveloped undeveloped hydroelectric power in these basins is shown in 
hydroelectric ‘plant in the’ basin. The total developed and table 19. 


TABLE 23.— Average annual runoff and maximum fall in selected river basins 


Average annual runoff at point ? ; 
8 I Maximum 


Drainage area 2 ; 
6 encontrar tinea mmenemsmciorecnnit MRE Tes Tima 


River basin Point on river ! above point | lnhier ‘ntil 
(square mile)/Number of Cubic feet per Thousand | *?°™ — 
years second acre-feet (feet) 
Androscoggin Auburn, Maine 3, 257 20 5, 709 4, 133 1, 670 
Connecticut Thompsonville, Conn 9, 661 21 * 16, 020 11, 600 1, 340 
Niagara Buffalo, N. Y 263, 500 44 5 193, 000 139, 732 6 326 
Hudson Mouth 13, 370 25 21, 500 15, 566 770 
Susquehanna do 27, 570 25 35, 800 25, 919 1, 150 
Potomac Washington, D. C 11, 560 18 4 10, 780 7, 805 1, 130 
Santee Pineville, 8. C 14, 700 33 18, 460 13, 365 2,010 
Savannah Clyo, Ga 9, 850 1] 11, 530 8, 348 1, 840 
Alabama-Coosa Claiborne, Ala 22, 000 19 33, 580 24, 312 1, 450 
Ohio (except Tennessee and Cum- Mouth 145, 220 25 163, 500 118, 374 2, €00 
berland). 

Tennessee do 10, 600 25 63, 700 16, 199 2, 240 
Cumberland do 18, O8O 25 27, 800 20, 127 S80 
Colorado (Tex. Wharton, Tex $1, 150 16 3, 308 2, 395 1, 830 
ted \lexandria, La 65, 900 21 33, 240 24, 066 750 
Arkansas Little Rock, Ark 157, 933 22 13, 680 31, 624 9, 990 
White Newport, Ark 19, 812 16 24, 750 17, 920 920 
Missouri Herman, Mo 528, 200 25 70, 000 50, 680 8, 590 
Colorado Yuma, Ariz 242, 900 17 7 14, 800 10, 780 9, 670 
Sacramento: San Joaquin R ® 39, 600 10 15, 580 10 33, 000 6, 650 
Columbia : Mouth 259, 000 69 248, 800 1! 180, 100 6, 450 


! Lowest point on river for which average annual runoff has been determined. 

- From U.S. Geological Survey records, published or pending publication, except as noted. 

> Approximate difference in elevation between point and highest existing or potential hydro plant in basin. 

* Adjusted for diversions. 

§ Not including diversions from Lakes Michigan and Erie 

° Total fall in Niagara River. 

Actual flow. Long time average annual virgin flow of Colorado River at the International boundary estimated by Bureau of Reclamation to be 

17,720,000 acre-feet. 

* Points on tributaries of Sacramento and San Joaquin Rivers at entrance to valley. 

® Approximate mountain and foothill area producing runoff into valley. Area of valley floor about 20,000 square miles, 

'° Bureau of Reclamation estimate. 

“Corps of Engineers estimate. 
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Surface Reservoirs 


MicuHak. Straus, Commissioner, United States Bureau of Reclamation 


Historical Development 


Ir WOULD BE a rare occurrence for supply and demand on 
a stream system to balance over an appreciable length of 
time. Wide variations in discharge, with a few important 
exceptions, are characteristic of streams. Stream discharge 
varies from year to year, season to season, and day to day. 
Together with the variation in demand for water from a 
stream system, this results in either a surplus or a shortage 
in the immediate water supply. 

Since irrigation in the West began with the development 
of land by diversion of water from relatively small streams, 
particularly those with annual floods from snowmelt, it soon 
became apparent that water supplies would be inadequate 
in the later part of the irrigation season for certain types of 
crops. Therefore, the usual type of irrigation development 
was based on crops that would mature early in the irrigation 
season and were largely made up of small grains and hay. 
Fortunately, this pattern conformed to the local demand 
and the economic development of the West at that time. 

It was apparent in the early stages of irrigation develop- 
ment that, while the acreage of land was limited by the 
late season flow of water in the streams, there were periods 
of excess water. The capture and retention of this water 
until the season it was needed would permit the expansion 
of cropped areas. By this time, in the stage of irrigation 
progress, local economies had developed, and through changes 
in cropping patterns the demand for late-season water in- 
creased. Where capital was available, storage development 
began, usually in the form of off-channel reservoirs to be 
filled by diversion canals. 

The off-channel reservoir was the result of local conditions. 
It could be constructed safely and economically, there being 
no fear of floods or high water; spillway costs were at a 
minimum, and the diversion canal could be constructed with 
tools, equipment, and methods available at that time. The 
disadvantages of off-channel reservoirs, the most important 
of which is lack of capacity, were not of great concern where 
Where  off-channel 
reservoirs could not be built either for lack of site or because 
of difficulty in construction of diversion canals to adequate 
capacities, main-stream storage was developed on smaller 


irrigation developments were small. 


streams at the most economical sites. 
This was about the situation in 1902 at the time of the 


passage of the National Reclamation Act. Local develop- 





ment had gone as far as it could, considering capital available 
and risks involved. The need, desirability, and economic 
return of irrigation had been demonstrated. There were 
known to be desirable projects that were ready for develop- 
ment, but their initiation was dependent on the availability 
of capital. This was supplied by the Federal Government. 

Under the impetus of the Reclamation Act there began 
the development of what might be called the middle-sized 
stream systems such as the Salt River in Arizona, the North 
Platte River in Colorado and Nebraska, the Snake River in 
Idaho, the Rio Grande in New Mexico and Texas, and the 
Yakima in Washington. Irrigation projects increased in size 
but were yet simple in their operation. By 1930, however, 
plans had been made for the development of the larger 
stream systems. Economic development had proceeded to a 
point where power markets were of considerable importance. 
Thus, plans for the control of the larger streams, such as the 
Rivers, combined 
storage for irrigation with storage for power purposes 


Colorado, Columbia, and Sacramento 
Since 
the demand for water for power production was not com- 
patible with the demand for water for irrigation, means of 
reregulating stream flow had to be provided. The use of 
water was becoming more complex. 

In the meantime local irrigation expansion was continuing. 
The phenomena of return flow from early irrigated areas 
provided a semiregulated supply of water for newer areas. 
Irrigation had increased the ground water supply and the 
development of efficient pumps increased the demand for 
water from this source. The result was that the demand 
for water in periods of drought began, in many areas, to 
exceed the water available. 
economies that had 


The highly developed local 
been irrigated 
endangered and plans were made for the furnishing of sup- 


plemental water, usually in conjunction with the develop- 
ment on the larger stream systems (fig. 44 


based on areas were 


The passage of the Flood Control Act of 1936 ‘brought 
about a new consideration for the storage of water. Tem- 
porary storage of water during flood periods and its gradual 
release at later dates in many cases is an economic and 
effective means of flood control. The rapid expansion of 
Federal flood-control activities resulted in the planning and 
flood 


However, in the arid and semiarid regions, flood-control 


construction of many new reservoirs for control. 


storage has been added to, or combined with, conservation 


io 
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storage, either for irrigation and power in the determination 
of the required reservoir capacity. 

Thus, today we have arrived at the so-called multiple 
purpose project in which all pbases of water control are 
given careful consideration. The use to which we are to 
put water has remained unchanged but the complexity of 
the irrigation system or systems within a river basin has 
increased manyfold. 

Table 24 is based on the results of an inventory of reser- 
voirs in the United States in excess of 5,000 acre-feet capacity 
made by the Geological Survey in 1947. According to the 
same survey, the earliest reservoir now in use constructed 
for irrigation storage was completed in California in 1859. 
However, most of the older reservoirs now in use in the 
Western States were completed in the last two decades of 
the Nineteenth century. 


Capacity of Reservoirs 


Reservoirs for irrigation storage can be divided roughly 
into two types, those providing seasonal storage or those 
In the first type, storage is pro- 
vided for the purpose of equalizing the flow of the stream 


providing cyclic storage. 


during the year, while in the second, storage is provided to 
equalize the flow of the stream over a series of years. 
sonal storage reservoirs have a small capacity in relation to 


Sea- 


TABLE 24. 


All storage reservoirs 


State 

Number 

Arizona ! 16 
California ? 128 
Colorado 79 
Idaho 12 
Kansas 6 
Montana 53 
Nebraska 8 
Nevada_- 7 
New Mexico 14 
North Dakota 13 
Oklahoma 3 22 
Oregon 26 
South Dakota 6 
Texas 3 
Utah 28 
Washington 30 
W voming- 23 
Total 544 


TABLE 25.—-Relation of storage capacity to annual runoff 


Average an Minimum 
; Capacity : . annual 
Reservoir ae nual runoff, 
acre-feet . runoff, 


cre-feet 
.- acre-feet 


CYCLIC STORAGE 


Roosevelt 1, 398, 000 728, 000 210, 600 
Elephant Butte 2, 219, 000 150, 000 178, 000 
Lake Mead 27, 930, 000 12, 987, 000 4, 186, 000 
Pathfinder 1, 040, 000 1, 258, 000 185, 400 
SEASONAL STORAGE 
Arrowrock 286, 600 1, 900, 000 900, 000 
Cle Elum 435, 700 646, 000 0 
Buffalo Bill 456, 600 907, 200 536, 000 
Gibson 105, 000 558, 000 302, 000 
Pine View 14, 200 191, 900 27, 400 


the annual runoff while those for cyclic storage have a large 
capacity in relation to the annual runoff of the stream and 
furthermore, a very large capacity in relation to the minimum 
annual discharge. Typical examples of these two types of 
reservoirs are shown in table 25. 

The trend today is toward the building of cyclic storage 
reservoirs rather than the building of seasonal storage reser- 


Reservoirs in excess of 5,000 acre-feet capacity in the 17 Western States, Jan. 1, 1947 


Bureau of Reclamation 


Irrigation storage reservoirs 2 
BE 8 storage reservoirs 


Capacity, Capacity, Capacity, 


nandiieme Number nuve-bent Number aerefeat 
35, 348, 000 13 35, 310, 000 9 33, 868, 500 
12, 745, 800 55 8, 675, 700 5 5, 641, 400 
2,711, 600 72 1, 866, 300 4 400, 700 
5, 742, 200 11 5, 585, 200 11 2, 805, 600 
69, 500 1 30, 000 0 0 
22, 653, 600 12 2, 604, 400 3 280, 600 
2, 303, 600 5 2, 232, 900 3 103, 400 
645, 300 7 645, 300 2 473, 500 
3, 138, 700 14 3, 138, 700 5 2, 349, 500 
305, 300 0 0 0 0 
9, 011, 500 1 151, 600 1 151, 600 
3, 414, 600 21 2, 539, 300 5 1, 399, 700 
518, 000 2 211, 200 2 211, 200 
6, 242, 000 13 4,851, 100 l 4 1, 950, 000 
2, 144, 400 28 2, 144, 400 8 697, 400 
14, 062, 700 12 10, 736, 200 9 10, 699, 300 
1, 023, 300 22 4, 015, 900 8 3, 803, 600 
125, OSO, 100 349 84, 738, 200 76 64, 836, 000 


1 Ineludes Lake 


2 Includes Lake 


3 Includes Lake 
* Marshal Ford 


Source: 


» Mead, Ariz.-Nev. 

Tahoe, Calif.-Nev. 

» Texhoma, Okla.-Tex. 
(Lake Travis). 


Reservoirs in the United States, 





2 


Earl Harbeck, Jr., U 


. 8. Geological Survey Circular 23, March 1948, 
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voirs. 
The best and most obvious sites for seasonal storage reser- 
In many streams, new develop- 
ment is dependent on holding runoff during wet years that 
cannot be held in seasonal storage reservoirs. As develop- 
ment proceeds in a stream system only the more infrequent 
discharges are subject to capture and use, thus requiring 
reservoirs of large capacity. Also, present-day planning is 
looking toward basin development rather than project 
development and has resulted in the proposing of reservoirs 
Finally, the cost of storing an acre-foot 
of water usually varies inversely with the capacity of the 
reservoir. 


This has been brought about from many reasons. 


voirs have been utilized. 


for cyclic storage. 


However, it will never be possible to store all of the runoff 
that appears in years of high discharges for use in periods of 
deficiency. Water stored in surface reservoirs is subject to 
loss from evaporation. Any attempt to hold water in such 
This is 


the major physical limitation on the maximum size of reser- 


reservoirs for too long a period fails for this reason. 


voirs needed to equate the discharge of a stream. 





FicureE 44. 






















Cost of Reservoir Storage 


While the general trend of the cost of storage of an acre- 
foot of water in a reservoir js upward, there is no clear-cut 
relationship. Between the years 1924 and 1941 the cost per 
acre-foot of storage in reservoirs of less than 200,000 acre-feet 
capacity ranged from about $2.25 to about $39.50, with an 
average of about $19. During the same period the cost 
per acre-foot of storage in reservoirs in excess of 1,000,000 
acre-feet ranged from $1.50 to $14.50, 
about $5. 


with an average of 
Such reservoirs contained power developments, 
the cost of which is included in the unit cost of storage 

The cost per acre-foot of storage in reservoirs under con- 
struction at the present time ranges between $6 and $90. 
Certainly the upper limit of the cost of storage is higher 
today and is the result of many factors such as increase in 
cost of construction, poorer sites, and increase in the com- 
plexity of reservoir design to meet multipurpose use. It is 
not possible to isolate these factors and evaluate their indi- 
vidual effects, nor is it possible to evaluate the future cost of 


reservoir storage. 


Granite reef diversion dam, Salt River project, Arizona. 








Potential Development 


Of the streams draining large areas in the West, only two, 
the Gila River of Arizona and the Sevier River of Utah are 
fully developed. The San Joaquin Basin of California closely 
approaches full development. Full development has taken 
place on parts of stream systems such as the Platte, Arkan- 
sas, and Rio Grande, and the Great Salt Lake Basin. Here 
the development has been limited by the water supply. Such 
‘a limitation is absolute and can be lifted only by importation 
of water from other areas where surpluses are available. 

On the other hand, it is now considered that the Missouri 
River Basin will be completely developed after the projects 
authorized in Senate Document 191, Seventy-ninth Congress, 
are completed. It can be stated that the limitations on 
development in this case are, in general, imposed by eco- 
nomic and physical conditions other than water supply. If 
in the Missouri River Basin there is duplicated the historical 
pattern of irrigation and power expansion observed in other 
areas, it can be expected that in some areas at least there 
will be future developments in the Missouri River Basin 
that cannot be foreseen at this time. 

The development of the upper Colorado River Basin is 
only beginning. An apparent surplus of water in this area 
has resulted in a combination of within-basin development 
and the exportation of water to areas of deficiency on the 
periphery of the basin. Ultimate development is limited by 
economic conditions and availability of irrigable land, not 
water. 

Much the same conditions exist 


River 


in the Columbia 


Figure 45. 
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Basin and other river basins in the Northwest. A similar 
situation exists in stream basins in Texas and Oklahoma. 
Utilization of water in all these areas is in the initial stages 
and as long as there is a use for surplus water it may be 
expected that development will continue. 

Inasmuch as stream flow cannot be fully utilized without 
some degree of regulation, future development must be 
dependent on reservoir storage. The magnitude of storage 
necessary can be realized when it is considered that the 
present plans for the control and full utilization of the 
waters of the Missouri River Basin include 138 reservoirs 
with a capacity of about 110,000,000 acre-feet, almost equal 
in capacity to all of the reservoirs for all purposes con- 
structed up to 1947 in the 17 Western States. Control of 
the upper Colorado River, in order to fully utilize its water 
and yet meet the requirements of the Colorado River com- 
pacts, will require a total storage in excess of 40,000,000 
acre-feet. It is doubtful that a reservoir system ever can be 
built to fully control the runoff of the Columbia River. 
The reservoir capacities required for such an undertaking 
would be enormous. 


Techniques of Control 


Water stored in reservoirs must be released at a time and 
in amounts to satisfy the demands of the user. If the 
reservoir is for power production, release will in part con- 
form to load and will fluctuate from hour to hour. If the 
release is for irrigation, demand will have wide seasonal 





Shasta Reservoir and power plant, California. 
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variations although releases may be relatively constant for 
periods within each season. Power releases, therefore, must 
be reregulated to insure full use of water for irrigation. 
Short period variation in reservoir release in streams that 
are subject to freezing is objectionable and must be con- 
trolled by reregulation. 

Reservoir capacity to reregulate power releases is usually 
small. Nevertheless, pondage to provide reservoir capacity 
increases the area of water surface exposed to evaporation 
and may provide an increased opportunity for the growth 
of vegetation which will increase transpiration losses. The 
amount of water loss that can be attributed to reregulation 
is usually small in comparison to the total stream discharge. 
Nevertheless, even losses of small magnitude may be of 
considerable importance in some areas. 

Water released from storage to be used for irrigation must 
be applied to the land. This is done by a system of canals, 
laterals, and ditches of various size, depending upon the area 
of the land to be served. Water may enter this system 
directly from the storage reservoir, but more commonly 
water from the reservoir passes downstream in the natural 
stream channel to a diversion dam where it is diverted into 
canals. In some irrigated areas there is a complex system 
of more than one diversion dam, the natural waterway being 


Ficure 46. 


used to pass water downstream and to collect water wasted 
or unused on upper irrigated areas. Where such complex 
systems occur, water available in the stream system is 
divided among the various canals according to an estab- 
lished formula. The establishment of these formulas is the 
responsibility of the State, either in accordance with statute 
law or with court decree. 

The moment water is stored in a reservoir it is subject 
to water loss; and upon its release from storage it is sub 
ject to further losses until it is finally utilized in crop growth 
How to hold such losses to a minimum and vet meet the 
requirements of the irrigation demand is the principal 
problem of project operation. Since the pattern of dis 
tribution is fixed by crop and legal requirements, effective 
use of water must be approached by reducing losses 

There are two types of water losses: escape of water to 
the atmosphere through evaporation and transpiration, and 
movement of water out of the irrigation system through 
seepage, operational waste, or farm waste. The first type 
of loss cannot be recovered. Losses of the second tvpe 
can be recovered in part, depending on how they finally 


Wate 


underground 


influence losses from evaporation and transpiration 


rarely escapes from a drainage basin by 


movement. 





(rand Coulee Dam and Roosevelt Lake. Columbia River. 
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The use of natural stream channels for the transmission 
of water has many advantages. 


There is no cost for pre- 
paring a channel. 


Seepage losses are low and advantage 
can be taken of natural inflows between the reservoir and 
point of diversion. However, evaporation losses from water 
surfaces of natural channels are usually higher than those 
from a canal of equivalent capacity and losses from trans- 
piration by riparian vegetation may be high. It is rare 
when any work is done to reduce losses from natural streams. 
In general, cost is excessive and the amount of water to be 
saved is usually small. There are cases, however, in which 
channel deterioration through excessive deposition of sedi- 
ment has resulted in a marked increase in evapotrans- 
piration losses and where remedial programs can be under- 
taken. Examples are found in the Colorado River near 
Needles, Calif., the Pecos River near Artesia, N. Mex., 
and the Rio Grande near San Marcial, N. Mex. All three 
cases are complicated by deposition at the upper end of 
reservoirs and thus are not strictly examples of channel 
problems. 

In the case of the Colorado River near Needles, Calif., 
the remedial program consists of dredging a channel through 
the swamped area to lower the water surface and narrow the 


channel. Because of the control of discharge and sediment 


FiGuRE 47. 


afforded by Hoover and Davis Dams upstream from the area, 
it is expected that the program will be highly successful. In 
the cases of the Pecos River near Artesia, N. Mex., and the 
Rio Grande near San Marcial, N. Mex., relatively less control 
of discharge and sediment can be expected than on the Colo- 
rado River. Thus it is expected that remedial programs of 
channel construction in these areas will require relatively 
greater maintenance costs than will be found on the Colorado 
River. 

Where canals and laterals are used for the transmission of 
water, losses take place from evaporation from the water sur- 
face, transpiration from riparian vegetation, and from seepage 
from the canal bed and banks. Evaporation losses from 
water surfaces cannot be avoided. Transpiration losses are 
reduced by removal of vegetation which is usually done in 
connection with normal cleaning operations to maintain canal 
capacity. Reduction in losses, therefore, is usually obtained 
by attacking the seepage problem. 

The rate at which water escapes from a canal prism, all 
other things being equal, is dependent on the type of the ma- 
terial in which the canal is built. Seepage rates are high 
where such materials are fractured rock, gravelly, or contain 
large amounts of sand. They are low where the material is 


tight, as in clay. Recently constructed canals have higher 





Canal lining machines (first machine, the curing jumbo; next, the trimmer; site, 4 miles west of Stratford, Wash.). 
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seepage losses than old ones because water moving out of the 
prism carries with it some colloidal material which tends to 
seal the interstices of the original material. This sealing 
effect is, in some cases, broken by canal-cleaning operations 
so that after cleaning, canals lose more water than before. 

Seepage losses are reduced by lining canals with an imper- 
vious material. This may be clay, asphaltic materials, or 
hydraulic-cement mixtures. The cost of various types varies 
widely but the greatest problem is to secure an effective 
lining at low cost (fig. 47). 

Linings of lowest cost are those made of clay, asphaltic 
membranes, and soil-cement mixtures. 
all will reduce seepage losses. 


Properly construed, 
However, there is a consid- 
erable variation in the length of life of such linings. Linings 
of these types tend to be destroyed during canal-cleaning 
operations, and may be broken up by roots of vegetation 
growing along the banks. Where there is a wide variation 
in the depth of water flowing in the canal, these types of 
linings are subject to breakage from water pressures in 
saturated banks. 

The Bureau of Reclamation has an active program of 
investigation of low-cost canal linings. In fiscal years 1950 
and 1951, this program was financed by an allocation of one- 
third of 1 percent of all canal construction costs. Different 
types of low-cost lining are being installed and tested under 
field conditions of operation and maintenance. 

Concrete canal linings are the most expensive type and 
rarely have been justified for water savings benefits alone. 
However, such linings, because they permit the use of higher 
velocities within the canal or the construction of a canal on a 
flatter slope, have other economic advantages which lead to 
their adoption. 

Whether an attempt should be made to reduce seepage 
losses from a canal or lateral system is not easily decided in 
all cases. If seepage from canals or lateralis is connected 
directly to the severity of a drainage problem or where 
seepage from canals is leading to an increase in consumptive 
use of water, there is little question to the consideration of 
benefits and costs. However, in many cases, seepage from 
canals is recovered by return flow from the irrigated area or 
by pumping. In such cases canal lining may save water by 
permitting a given supply to cover a greater acreage, but it 
may result in eventual diminution in the supply of water 
available at some other point. The effect of canal lining, 
therefore, must be carefully weighed in terms of its net result 
on Water vield. 

After water has been delivered to the farmer’s head gate 
by the transmission system, losses still continue. If a farmer 
overirrigates, water may flow past his farm and not be 
recovered. Water may penetrate beyond the depth of plant 
roots and thus become unavailable to crops. Losses of this 
type are bevond the control of those in charge of the irriga- 
tion system and are the responsibility of the individual 
farmer. They tend to vary from year to year, being high 
when ample supplies of water are available, and low in 


years of water shortage when the farmer is careful to utilize 
his supply to the best advantage. 

The only remedy for this type of waste is education. The 
Bureau of Reclamation, Department of Agriculture, and 
State agricultural colleges are engaged in educational pro- 
grams aimed at better use of water by farmers. Results in 
this field have not been encouraging. Bulletins of the 
University of Arizona, published as early as 1905 called 
attention to these same bad irrigation practices. 

It is perhaps unfair to say that little has been accomplished; 
nevertheless for over 40 years, the same methods for the 
proper utilizations of water on the farm have been known 
and recommended, but they are still largely ignored 


Sedimentation 


Close] allied to the question of water losses in irrigation 
systems is the sedimentation problem. All streams carry 
sediment or debris to some degree. A very large portion of 


the sediment load of tributary streams is deposited in 
reservoirs and the water entering the canal system carries 
with it a certain portion of the sediment load of the rive: 
This sediment load must either be carried to the irrigated 
land or removed from the irrigation svstem. 

Sediment decreases reservoll 


deposition in reservoirs 


capacity—-the diminution of storage capacity does not pet 
mit full regulation of the stream and results in loss of water 
over the spillways. Deposition of sediment in reservoirs 
usually increases the area of water exposed to the atmosphere 
for a given quantity of water in storage, thus increasing 
evaporation losses. Finally, sediment deposits ure quickly 


invaded by water-consuming vegetation which increases 
transpiration losses from the reservoir area and for a distance 
upstream as well. 

Reservoirs are usually designed to have a minimum length 
of unimpaired life by an allocation of a certain amount of 
their capacity to sediment storage. The practice of the 
Bureau of Reclamation is to provide for a minimum sedi- 
ment storage allocation of 50 vears, or the repayment 


pet iod 


of the reservoir cost, whichever is greater. Estimates of 
the required space for sediment storage are based on an 
from. the 


analysis of suspended sediment samples taken 


stream at or near the reservoir site or are estimated by 
comparison with data collected from other river basins 
Measurements of sediment deposited in existing reservoirs 
are an important source of data in making such estimates 

Rates of sediment accumulation in reservoirs on rivers 
with large drainage basins vary from less than 0.10 acre-foo 
per square mile of drainage area to over 2 acre-feet pel 
square mile of drainage area, and are dependent on thi 
geology, topography, climate, vegetal cover, and condition 
of the drainage basin. Of these factors only the vegetal 
cover and condition of the drainage basin are subject to 


change and manipulation. Within certain limits, therefore, 
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sediment loads can be affected by land management and 
this approach offers the best opportunity for some degree 
of control of sediment movement in streams. Unfortunately, 
available data applicable to the arid and semiarid regions 
are insufficient to properly evaluate the effect of land man- 
agement in terms of costs and benefits resulting from reduc- 
tion in sediment movement. Active prosecution of a pro- 
gram for the collection of such data would be of considerable 
benefit in the economic analysis of development programs 
for the West. 

Sediment deposition in reservoirs can be modified to some 
extent by reservoir operation if provision is made in outlet 
design. The heavier and coarser fractions of the sediment 
load usually cannot be passed through a reservoir but the 
finer sizes, particularly those of the clay size, may be moved 
through the reservoir. Where such sizes make up a large 
fraction of the sediment load, this may be important. 
The principal requirements for moving sediment through a 
reservoir are very large outlet capacity and large amounts 
of water. Since water is rarely available for such a purpose, 
there are and will be very few reservoirs where sediment is 
evacuated from reservoirs as a means of maintaining capacity. 

The movement of sediment into canal systems can be 
controlled to some extent by the design and location of 
intake works. Where sediment loads are high and where 
removal of sediment from the irrigation system would 
be a problem, desilting works may be provided at the head 
of the irrigation system. Such works may vary from a 
simple sedimentation basin to a complicated system of 
basins and mechanical clarifiers such as are found in the 
desilting works at the head of the All-American Canal on the 
Colorado River in California. In either case, the velocity 
of the water is reduced, thus causing the deposition of 
sediment. The deposited sediment is either flushed or 
pumped back into the stream system. In either case water 
used to remove sediment from a canal system represents an 
operational waste and may or may not be recoverable. 

The cost of removal of sediment from canals is high. On 
the Shoshone project in northern Wyoming, 3.8 miles of the 
Deaver canal were cleaned in 1945, at a cost of about $1,020 
per mile. On the Orland project in California, cleaning costs 
have been as high as $1,000 per mile in any one particular 
year. However, average annual costs are lower. Between 
50 and 75 miles of laterals on the lower Yellowstone project 
in eastern Montana were cleaned each year during the years 
1932-46 at an average cost of $75 per mile. The average 
cost of cleaning canals and laterals on the Orland project 
in 1946 was $178 per mile. Depending upon the size of 
the lateral and the variation of silt deposit, weeds, willows, 
tules and other vegetative growth, the annual cost of cleaning 
laterals varies from $50 to $150 per mile. Cost of removing 
sediment from the irrigation system of the San Carlos project 
of the Bureau of Indian Affairs amounts to about $1 per 
acre irrigated per year. 

The sediment load carried by the irrigation system is one 
of the factors considered in canal design. The higher 
velocities permitted by the use of canal lining will carry 
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heavier sediment loads. Costs of cleaning the lined Contra- 
Costa canal of the Central Valley project of California 
averaged $6.50 per mile. Other costs for cleaning lined 
canals range from $37 per mile to $50 per mile. Lesser 
maintenance costs coupled with other advantages derived 
from canal lining are of considerable influence in the decision 
to adopt canals of this type. 

These costs are those chargeable to the operation and main- 
tenance of a well-designed irrigation system where sediment 
problems are not severe. In many locations costs are con- 
In addition there are the unreported costs 
of the irrigation farmer who must clean his own field ditches 
and, from time to time, re-level his land so that it may be 
irrigated with a minimum of effort and with the best use of 
water. 


siderably higher. 


A certain amount of sediment is desirable in a canal system. 
It tends to reduce the growth of aquatic vegetation, reduces 
seepage losses from canals, tends toward an increase in canal 
stabilitv and may improve soil texture on cultivated land. 
Depending upon the type of sediment, it may or may not 
maintain soil fertility. 

The Yuma irrigation project of Arizona and the Imperial 
irrigation project of California were both developed by using 
heavily sediment-laden water of the Colorado River. In 
both projects, cost of removing sediment from irrigation 
systems was high and in the case of the Imperial irrigation 
project amounted to over $700,000 annually. Regulation of 
the river by Hoover, Parker, and Imperial Dams, together 
with desilting works at the head of the canal systems provided 
water with practically no sediment load. The result was a 
very sharp drop in cost of removing sediment from the canal 
system but an increase in costs attributed to the removal of 
vegetation, decreased stability of canal sections, and increased 
seepage losses. Where originally the sediment load of the 
irrigation system had improved the texture of the sandy soil 
of the Yuma project, this no longer took place with the clear 
water available. The result was the abandonment of 
certain new lands proposed for irrigation because of very 
high water requirements. 

Stopping of the sediment load of a stream by a reservoir 
results in scour or degradation below dams. This may lead 
to erosion of river banks formerly stable, undermining of 
bridge piers, reduction of river elevations below the level of 
pump intakes and other undesirable effects. Consumptive 
use of water depletes the discharge available to carry sediment 
and where sediment loads are returned to the stream from 
desilting works, may result in channel aggradation, an 
increase in drainage problems and river instability. 

The sediment problem is inherent in any program of river 
development. This fact is now being realized to a greater 
extent than ever before but the solution to the problem is 
handicapped by lack of data and well developed or adequate 
techniques. Most Federal agencies concerned with river 
development have expanded their efforts in studying the 
sediment problem in all its phases. However, the problem 
is extremely complex and considerable time may elapse 
before it is fully understood. 
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Vapor Compression Distilling Plants 


F. A. LOEBEL and J. M. Sturman! 


Introduction 


A vapor compression distilling plant is a heat pump, designed 
for evaporating liquids. The features of this system are par- 
ticularly advantageous for water distilling, although it has 
often been used with other fluids. Its main distinguishing 
feature is high fuel economy when compared with other types 
of evaporators, and when properly applied. 

The story of vapor compression in this country is over 30 
years old, but has found wide adoption and application only 
in the last 10 vears, and is closely interwoven with the sub- 
ject of water. Since the principle has been so widely docu- 
mented, this paper will only briefly cover some of this 
history, and how vapor compression relates to our own 


experience. Some cost and power figures will also be given. 


Vapor Compression Cycle 


The idea ol using a heat pump was suggested by Lord 
Kelvin in 1852, in a paper presenting a heating machine. 
A heat engine takes in a fluid at a given temperature and 
discharges it at a lower temperature, converting a small 
portion of the heat into work. 

Kelvin’s idea was to reverse this procedure and upgrade the 
temperature level of a gas or vapor by doing work on it, such 
as compression, thus taking in the gas at a lower temperature 
and discharging it at a higher temperature. This is the un- 
derlying principle of the vapor compression still. 

Figures 48 and 49, which compare a 1,000 g. p. h. (gallons 
per hour) single effect, and a vapor compression plant, 
show the principal differences between the two methods. 
In the single effect it is necessary to supply all of the latent 
heat for vaporization, 970.3 B. t. u. (British thermal unit) 
for every pound of water evaporated, as well as the other 
losses, such as radiation, venting, ete. This total latent 
heat amounts to about 8 million B. t. u. per hour, and is 
When 
ndded to other losses, the total heat supplied by the boiler 
fuel is 11 million B. t. u. per hour, or 590 pounds per hour of 
fuel, giving an economy of 14 pounds distillate per pound 


of fuel. 


almost completely lost in the waste cooling water. 


This economy can be raised to about 25 by using a 


F. A. Loebel, chief engineer, special products division, Cleaver-Brooks Co., Milwaukee. 
J. M. Sturman, sales manager, special products division, Cleaver-Brooks Co., Milwaukee. 


double effect. This is done by reusing the vapor boiled off 
in the first evaporator for generating an equivalent amount in 
the second evaporator. <A triple effect would produce an 
economy of about 36, and so on. The maximum number of 
Note 


the large amount of cooling water required, about 17,300 


g. p. h. 


effects generally practicable for water is about 6 
This quantity is reduced to one-half for a double 
and to about one-third for a triple. 

Referring to figure 49, it is seen that steam driven off in 
the evaporator is compressed by a steam compressor to a 
higher pressure and temperature so that it can be reused 
again for boiling off an equivalent amount in the same evap- 
Thus, the 8 million B. t. u. 
captured and recirculated within the system, and the only 


orator, are continuously re- 
heat to be supplied is represented by the compressor load 
and the parasitic losses. With a Diesel drive, the auxiliary 
heat for starting up and maintaining the heat balance is 
supplied from the engine jacket. 


History of Process 


Historically, the idea is old. A patent covering a Vapor 


compression evaporator was taken out by Pelletan in 1840, 
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even before Lord Kelvin presented his paper.  Pelletan’s 


machine utilized a steam jet compressor. but because of 
faulty nozzle design, was not a success. 
done until 1879 


quite popular. 


Nothing much was 
when the Piccard-Weibel system became 
This machine used a reciprocating compres- 
sor and a few were installed in salt plants and sugar mills 
France, Austria, 
foothold, 


in the compressor, 


and Switzerland. This system did not 


gain a however, probably because of deficiencies 
large for a small 
output. The size of one model was 31.5’ 19.5’’ 
stroke. At and figuring it double 
acting, the evaporating capacity would be only 200 g. p. h. 


1943 one of 


which was relatively 
bore X 
50 strokes per minute, 


hour. In these 
machines was reported to be still operating at the Salt Works 
Bex, Switzerland. 


About 1916, 


or 600 pounds of salt per 


interest was again renewed by the Prache & 


Boullion concern in Paris, and they installed about 75 sets 
with steam jet compressors for various purposes, including 


the manufacture of tannin, glue, 


extracts. 


gelatin, and vegetable 
Even a crystallizing evaporator was built for salt 
production. In the Engineer magazine, in 1916, an economy 
of 100 pounds of water per pound of fuel is mentioned and 
also that an economy of 150 could be attained by using an 
internal combustion engine. 

In 1918, a compression still was tested at Annapolis and 
reported in detail in a paper by M. C. Stuart, of the American 
Society of Naval Engineers. Economy 
equal to a triple effect. William L. De Baufre, a mechanical 

from the United States Naval Experimental 
also did considerable work on vapor compression. 


obtained was about 


engineer 
Station, 

A considerable number of vapor compression machines 
were built in Switzerland for various purposes, starting about 
1928. This development was not voluntary but rather was 
caused by a strong economic incentive—first, the high price 
of imported coal, and, secondly, the possibility of not having 
any during another war. The abundance of cheap hydro- 
electric power also favored the heat pump. The development 
fell naturally to three equipment manufacturers, Sulzer, 
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Brown-Boveri, and Escher Wyss. At present, there is 
probably more total heat pump capacity in Switzerland than 
anywhere else in the world, if we neglect the thousands of 
compression stills built in this country for the military. 
Brown-Boveri have built 35 vapor compression plants, and 
Escher Wyss, 85, including the largest one in the world, 
which has a  220,000-pound-per-hour evaporating rate. 
Almost the entire salt requirement of Switzerland, some 
80,000 tons per year, is produced by vapor compression 
without the use of fuel. The plant at Rybourg and Schweiz- 
erhalle each have a capacity of 40,000 tons per year. 

An Escher Wyss vapor compression water distilling plant, 
utilizing a centrifugal compressor, was installed at Trail, 
British Columbia prior to 1938, with a capacity of about 
2,000 g. p. h. The original plant is still running and another 
one has been added. 

Although economic conditions in this country favor the 
compression, still in many cases, the economic compulsion 
was not nearly as acute as in Switzerland, and the need for 
this type of equipment here was brought about and hastened 
directly as a result of the war. The incentive was provided 
by the desperate need for water by our troops in the Pacific 
where, in places like Iwo, there was plenty of sea water, but 
no fresh water. 

During the early war years, the Cleaver-Brooks Co. sup- 
plied most, if not all, of the portable land units. These were 
mainly packaged oil-fired double and triple effects. This was 
a natural outgrowth of our packaged boiler business. Since 
the problems in logistics called for maximum practicable fuel 
economy, we subsequently designed and built hundreds of 
the vapor compression type machines which largely super- 
seded the conventional oil-fired types. With but few inter- 
ruptions, we have carried on our manufacturing program on 
these machines, because of the continued demand. 

Lower electric power rates and rising fuel prices have con- 
tributed toward sustaining this demand in no small measure. 


Performance 
Theoretically, the economy of a vapor compression plant 
can be carried to extremely high water to fuel ratios by using 
proportionately large evaporators and heat exchangers. 
Practically, the economy for Diesel plants is in the range of 
200 pounds of distillate/pound fuel for small plants, up to 
350 pounds of distillate/pound fuel for large plants. 
Referring again to figure 49, the economy shown, 200 pounds 
distillate per pound of fuel, is conservative for large plants, 
since this economy requires a fuel rate of only 0.7 pound of 
fuel per b. hp. (boiler horsepower) per hour or 42 pounds per 
hour total fuel. Small Diesels, lightly loaded, would run this 
high, but large Diesels would be more in the order of 0.4 
pound of fuel per b. hp. per hour providing an economy of 
350, or equivalent to a 25 effect evaporator. Note that the 
cycle is self-sufficient regarding cooling water. The incoming 


feed is preheated by the outgoing blowdown and distillate, 
and no other cooling water is required. 
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All military models must pass an acceptance test of 720 me | _ 
hours of continuous operation on sea water without cleaning 
The equipment lends itself readily to chemical cleaning, 9) 
which can usually be accomplished in about 4 hours. Rigid 
standards of economy and water purity must also be main- 
tained throughout the run. Typical performance data for a 
720-hour run on sea water for a 1,000 g. p. h. compression 
still are shown in figure 50. 








NO SAND STABILIZER 


PORT HUENEME CAL.- 


ail 
The drop in capacity as caused by scale formation on the 

evaporator tubes is also shown in figure 51. The sand 

stabilizer process for reducing sea-water scale, as developed . 





WITH SAND 





STABILIZER 


by W. F. Langelier, D. H. Caldwell, and W. B. Lawrence in 


; CURACAO, NW i 950 
} conjunction with the Army Engineer Board shows great : 
'} promise. Operation of a Cleaver-Brooks 85 g. p. h. unit at 
} Curagao with a sand stabilizer is shown in figure 51. The 85 GPH CAPACITY 
| evaporator pressure differential plotted along the vertical rs $06 es saa as ~— i — 
= graph axis is almost a direct measure of the amount of scale Pease ee ee 
formation. For comparison, the operation of an identical FIGURE 51.—Sea water evaporator performance with sand stabilizer 
} machine without sand stabilization is plotted which was run 
| at Port Hueneme. Analyses of the Curagao and Port considerable space. One such installation, which is believed 
| Hueneme waters are almost identical. to be the largest vapor compression plant in this country, is 
shown in figure 53. 
! : There is little question, but that vapor compression plants 


will find many attractive applications in the concentrating 


field. At this time we have successful installations for con- 
centrating amino acid and penicillin slurry. One of our 
: plants has been operating for over a year on a special paper 


mill waste liquor. Extensive tests have also been made on 





black liquor, magnesium sulfite liquor, rum slops, and others. 


eo ‘ . . . . . . 
: ” ° : i Some commercial sea water distilling applications have 
« t { ———F taken us to far-off places—Arabia, Egypt, Southwest Africa, 
} 8 *” + + + 4—_____4 , x ne . ; 
t t t — oars Venezuela, Eniwetok, Bermuda, the Bahamas, and Curagao, 
L I I | banomnitelgpicnadanteaik dh | to name a few. Curagao is perhaps the most unique in that 
1 00 a0 — wo 0 s° ee . : : : ’ 
cunts enamitinie most of its water supply is distilled from the sea. It is prob- 


Pini Sk taipllidh ateaianiis debe ably the only place in the world where distilled water flows 
in domestic plumbing and is used for watering lawns and 

putting out fires. The water is presently distilled in sextuple 

effect Weir evaporators and is then generally blended with 

\pplications some well water high in solids. Scaling is a serious problem 

and about 15 men are continuously busy at chipping evap- 

The applications encountered so far for compression stills 
have been mainly for distilling water of all types, ranging 
from water in the Persian Gulf area, with 45,000 p. p. m. 
total dissoived solids, to feed waters almost pure to begin 
with. 

One of the most basic applications continues to be for 
military use—for land use because of high fuel economy, and 
for certain marine uses, because the still can be run with 
electric power only. Portability is also a factor, which is 
exemplified in a trailer-mounted, 85 g. p. h., Diesel-driven 
rig, weighing 5,000 pounds, shown in figure 52. 

Vapor compression has proved to be highly attractive for 
pharmaceutical and industrial water distilling plants. 
Almost without exception, the power rates have been favor- 
able enough to justify their adoption. Other advantages 
have also become apparent as evidenced by some tnstalla- 
tions, such as simplicity of operation as well as saving in Ficure 
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Portable sea water compression distilling plant 
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orator coils, since the equipment ‘s not suitable for chemical 
cleaning. Water is also expensive; it is sold to domestic 
users by the Government at a loss for $4 for 1,000 gallons. 
Pure, unblended water is $6 per 1,000 gallons. These facts 
are merely brought out to indicate how water conditions can 
affect ones way of life. A fairly large household might 
spend $40 to $50 per month for water if they can afford it 
for lawn sprinkling, et cetera. Domestic users soon discover 
that there is a minimum flow where meters will not register, 
and allow their faucets to drip into pans at this rate all day 
long in order to collect water at no cost. In this tropical 
climate, workers in power plants and other industries nearly 
always arrive well ahead of time and leave late so that they 
can take showers on “company water.”’ 

There 


are large catchments built on hillsides to catch rainfall, and 


In Bermuda, all of the water comes from rainfall. 


also all housetops are constructed with calcimined coral slab 
shingles for collecting water in cisterns. <A few goldfish are 
kept in each cistern to keep the water pure and sweet. 
Apparently these little fish do a good job; there has never 
been an epidemic due to faulty water in Bermuda, and the 
water really is quite palatable. The activities of the local 
health department consist of periodically checking the cis- 
terns to see if the goldfish are still alive. 
replaced. 


If not, they are 


Another use for compression distillation, which has received 
some little attention and which deserves a great deal more, 
is the furnishing of emergency supplies to areas whose water 
is polluted. For instance, if an atomic bomb were dropped 
in the water supply of a city, some means of purifying or 
decontaminating the water must be provided immediately. 
It has been determined that 
decontaminated by distillation. 


radioactive water can be 
It follows that vapor com- 


pression is one of the most favorable methods of accom- 








FicurE 53. 


Motor driven water vapor compression distilling plant. 
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plishing this. Figure 55 shows a photograph of a small pilot 
plant being tested for this purpose by the Brookhaven 


National Laboratories. 


It has been proposed that portable machines of large capac- 
ity, say 10,000 gallons per hour, which can be transported on 
flat cars, be constructed and held in strategic locations. In 
sufficient numbers, these machines could provide emergency 
water supplies in the event of atomic bombing of metropoli- 
tan centers. 

In this country a great deal of attention has geen directed 
toward a method of producing fresh water from sea water for 
municipal use. This was particularly true 2 years ago when 
there was an acute water shortage in southern California due 
to the prolonged drought. Several methods of transposing sea 
water to fresh water have been advanced, many of which are 
impracticable. During World War IT small chemical kits 
were furnished in life rafts for removing the minerals from 
sea water to provide a couple of quarts of drinking water. 
[t will be shown later that this principle cannot be applied 
economically on a large scale. 

Some of the methods which have been proposed are elec- 
trolytic demineralization; production of condensate and 
power by means of the thermal difference power plant, or 
Claude process; evaporation by means of waste heat from 
Diesel plants, or steam power plants; producing ice crystals 
of fresh water from sea water, reclamation of sewage; and 
others. 


Some of these methods, particularly the ones 


proposing evaporation by waste heat sources, appear attrac- 


tive. ‘To date, however, studies concerning the economies of 
The only 
method that has been reduced to practice on a large enough 
scale is distillation. 


the alternate methods are not vet conclusive. 





FiGuRE 54.—Experimental vapor compressor for distilling radioactive wastes. 
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Cost of Distillation 


Table 26 has been prepared showing the cost of steam 
distillation versus compression distillation. The 
demineralization by chemical means is also included as a 
matter of interest. 


cost of 


The most economical means shown, a compression distil- 
lation plant powered by electric motors, produces water for 
a total cost of $1.12 per thousand gallons. Of this, the 
electric power represents only 18 cents, the amortization 38 
cents, and charges for operating personnel 35 cents. 

It is possible that the total cost of water by vapor compres- 
sion can be markedly reduced through lower capital cost as a 
result of advanced technology. 

If an evaporator plant could be tied in with an existing 
power plant or waste heat sources in the locality needing 
water, thereby obtaining free fuel, steam distillation would 
likely be even cheaper than compression distillation. 

It is of particular interest, from table 26, that the capita 
cost of a triple effect steam still, including the steam gen- 
erating plant, is approximately equal to the cost of a vapor 
compression distilling plant. Although the heat transfer 
surface of the triple effect is smaller than for a vapor com- 
pression plant due to the greater temperature difference, 
the costs of auxiliaries and boiler plant raise its total cost 
to equal vapor compression. 

Considering 
struction, the 


possible improvements in methods and con- 
lowest estimated cost now by compression 


TABLE 26. 


distillation would be about cents. To 


60 compare with 
this figure, the municipal water suppliers of the 400 larger 
cities of the United States charge industrial users an average 
of 12 per Many smaller com- 
munities charge domestic users as high as 35 to 40 
per thousand 


cents thousand gallons. 
cents 
gallons. From this then it would appear 
that compression distillation for smaller communities could 
compete with natural water sources and almost certainly 
could be justified for emergency use. In our own experience 
we have noted that many communities along the sea shore 
and distant from natural water supplies can obiain fresh 
water by compression distillation more cheaply than they 


can run long pipe lines. 


Conclusions 


Compression distillation as presently manufactured and 
at its present costs for plant and operation is the most 
economical proven means of providing distilled water from 
sea water; it is usually the most economical method of 
evaporating water from weak chemical solutions; it is likely 
to be the best and in many cases the only means of pro- 
viding fresh water in arid and isolated sections along coast- 
lines; and finally, and of grave importance right now, it is 
the only proven and practical way to furnish emergency 
water supplies to communities which have been attacked 
with atomic bombs. 


Comparison of costs per 1,000 gallons for producing fresh water from sea waer by various methods based on a plant for 10,000 


gallons per hour 


Chemical de- 
mineralization 


Plant cost. erected without buildings (non-ferrous con- 

struction) $8, 000, 000. 00 
Amortization, basis 15 years 6. 66 
Steam cost, based on fuel, at $0.06 per gallon 
Diesel fuel cost, based on fuel, at $0.07 per gallon 
Electric power cost, based on power, at $0.003 per kilo- 


watt . O01 
Cooling water cost, at $0.12 per 1,000 gallons 
Lubricating oil, at $0.70 per gallon 
Descaling heat transfer surfaces 


Maintenance and repair . 04 
Operating personnel and supervision he 
Chemicals for regeneration 25. 00 

Total cost 5 31. 88 


Steam distillation Compression distillation 
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Reclamation of Water From Sewage and 
Industrial Wastes 


A. M. Rawn, Chief Engineer and General Manager, Los Angeles County Sanitation District 


Introduction 


THE RELATIONSHIP between water supply and population, 
agriculture, and industry that an area can support is of 
fundamental significance. For example, as southern Cali- 
fornia has grown from the early pueblo days to its present 
metropolitan status, so has its source of water supply changed 
from the once-flowing Los Angeles River:to a system which 
includes extensive development of local ground waters and 
importations from the Sierra Nevada Mountains and the 
Colorado River. 

The present outlook is favorable for future rapid popula- 
tion growth in southern California. Engineering planning 
must cope with the new water problems which are bound to 
accompany this great expansion. ‘There is need for an over- 
all water plan to include within its scope all possible supplies 
of acceptable water; i. e., local supplies including conserva- 
tion of floodwaters, imported supplies, sea water, and water 
reclaimed from waste or spent waters. Only from such a 
thorough study can a true picture be drawn and each source 
compared with the others on the basis of feasibility and 
economics. 

A report for southern California has been prepared as a 
collection and review of data relating to one possible source 
of water supply; 1. e., the reclamation of water from sewage 
and industrial wastes. 

While this is but one phase of an over-all water plan, it is 
recognized that in water reclamation from sewage and indus- 
trial wastes there is an immediate source of raw-water supply 
already available to the area. Factors that may retard the 
advance of such reclamation include public prejudice toward 
the use of water reclaimed from sewage, lack of proper health 
and nuisance standards, and the absence of clear legal 
authority to proceed with an operational program. The 
scientific and engineering principles necessary to reclaim from 
sewage a water suitable for any useful purposes are already 
well founded. 


Water-Reclamation Processes 


The use of sewage and industrial wastes as a source of 


useful water has been practiced for centuries. Sewage farm- 


26940—53——_7 


ing, in fact, was the first method of sewage disposal, and until 


fairly recent times was the only process so recognized. These 
early sewage farms were irrigated with raw sewage. As the 


trend toward emphasis of public health and control of nui- 
sances has developed, so the trend in sewage treatment has 
of necessity followed. 

A properly designed sewage-treatment plant of today can, 
and many do, produce a well-oxidized, clear, sparkling, and 
sterilized effluent which is of better quality chemically and 
biologically than many public raw-water supplies. The value 
of such effluents is readily seen, and more attention has been 
given to their further utilization in agriculture, industry, and 
recreation, and for supplementing ground water supplies. 

That reclamation and reuse of water from sewage is an 
accomplished fact is attested by many small sewage-treat- 
ment plants all over the West, and by thousands upon 
thousands of cesspools and individual septic tanks from which 
water leaches into the underground strata to be reused for 
domestic, agricultural, and industrial purposes. 

While it is recognized that water is so reclaimed and 
rendered available for reuse, it occurs only infrequently that 
a sewage-treatment plant is intentionally planned to supple- 
ment or augment a water supply. It is generally the case 
that recovery of an acceptable effluent from a sewage-treat- 
ment works is incidental to a necessary or imposed sewage- 
treatment process and seldom the primary factor influencing 
the plant design (fig. 55). 

A review of the sewage-reclamation situation was recently 
presented in the form of a symposium to the Federation of 
Sewage Works Associations, and in this review the authors 
mention but three smal! sewage-treatment works designed 
and operated more particularly for the recovery of water for 
reuse than because conditions imposed the process for the 
Harrington 
Kans., the Grard Canyon of the Colorado, and Golden Gate 
Park, San Francisco. 


disposal of the sewage itself. These were at 
Each of these plants is designed to 
produce reusable water which is better for the purpose 
intended, or more economical, or 
available in the area. 


both, than is otherwise 


These facts were known in advance of planning and con- 
struction and were the considerations which influenced the 
design. In practically every other instance noted where 
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sewage is used for irrigation, industry, or otherwise, it is 
merely a step incidental to sewage disposal, the recovery of 
sewage effluent from a flowing stream, or, as is particularly 
the case at Baltimore, an extension by industry of the 
purification processes otherwise imposed upon a municipality 
at its sewage-treatment plant. 

At first thought, it may seem that water reclamation 
should, for reasons of economy, be a corollary of sewage 
treatment. A few additions to the normal sewage-treatment- 
plant design are all that may be believed necessary to expand 
the usual sewage-treatment operation into one of water 
reclamation. While this is true from the standpoint of 
engineering and sanitary chemistry, a careful investigation of 
the entire matter sheds an entirely different light upon the 
In fact, the one thing that will unlock the door to 
safe and acceptable water reclamation from sewage is its 


issue. 


complete separation from sewage disposal, to be considered 
as an independent operation by itself (fig. 56). 

There are some very significant differences between the 
processes of sewage disposal and water reclamation. The 
function of a sewage-treatment plant is to process all of the 
sewage which reaches it at any time. To produce a well- 
oxidized and purified effluent, the plant features must include 
all of those which will successfully dispose of all sewage solids 
retained at the plant as well as those features required to 
oxidize and perhaps sterilize the sewage effluent. More 
significantly, the plant must process all of the sewage flow 
as and when it arrives, regardless of its composition, tempera- 
ture, strength, or any other features which render it difficult 
to treat. 
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In contrast, a water-reclamation plant using domestic 
sewage and/or industrial water as its raw water supply and 
not, in any sense, a part of the sewerage system, would not be 
forced to operate at times when operation was inadvisable, 
or with sewage of such character as to render the process 
ineffective. Neither would it be necessary for the plant to 
take the sewage quantitatively as it comes or to retain in the 
plant any sewage or mixed sewage and sludge detrimental, 
or not beneficial, to the reclamation process. Furthermore, 
the plant would not be plagued by the necessity of disposing 
These could be 
emptied back into the sewerage system for disposal elsewhere. 

While the economics of design of the water-reclamation 
plant might indicate that it should have a definite capacity, 
however, the plant would never operate on amounts beyond 
its capacity to do a satisfactory job. 

This comparison emphasizes the value of an already com- 
pleted and satisfactory sewerage system, including sewage 
disposal, in advancing the possibilities of water reclamation. 


the solids removed from the sewage. 


Need for New Standards 


Because so many of the objectionable and pressing features 
in sewage-treatment-plant construction and operation would 
be absent from such a water-reclamation plant, there is need 
for a reevaluation of the public-health factors, esthetics, and 
the economics of water reclamation in this new light. 

It would appear that the significant differences between 
the two operations pointed out above will have to be recog- 
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PHYSICAL BASIS OF WATER SUPPLY AND ITS PRINCIPAL USES Q] 


SEWAGE 
BUSINESS AREAS WILL USUALLY BE SUITABLE 
FOR RECLAMATION WITHOUT SEGREGATION 


RECLAIMED WATERS WILL FIND 
MANY USES IN AGRICULTURE 
AND INDUSTRY 


RECLAIMED WATERS MAY BE USED 
TO SUPPLEMENT UNDERGROUND PUMPING FROM UNDERGROUND 
SUPPLIES BY PROPER SPREADING BASINS MUST BE REGULATED 
ON PERCOLATION BEDS TO EFFECTIVELY UTILIZE 
UNDERGROUND STORAGE 


2 SPREADING 
GROUNDS 
e 


SALT WATER ENROACHMENT 
RESULTING FROM LOWERING 


WATER RECLAMATION 
AS A PLANNED ENTERPRISE 
~S._ SEPARATED FROM SEWAGE DISPOSAL 
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FiGuRE 56.—H ater reclamation as a planned enterprise separate from sewage disposal. 
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nized by the health authorities if water reclamation is to be 
established on a firm and just basis. 


Characteristics of Sewage and Industrial Wastes 


Sewage contains mineral, animal, and vegetable matter in 
suspension and solution, together with a large number of 
bacteria. The materials in suspension consist of fecal matter, 
paper, grease, pieces of food, etc. However, the concentra- 
tion of organic and mineral solids is very small, amounting 
to about 0.1 (1,000 p. p. m.). In other words, 


sewage is about 99.9 percent water. The nature and quantity 


percent 
of the organic portion of sewage (both suspended and 
dissolved) is of utmost importance, for it is this small fraction 
which gives rise to its offensive characteristics. Sewage- 
treatment processes attempt to remove a part (partial treat- 
ment) or all (complete treatment) of this offensive organic 
matter. 

The above-noted sewage characteristics are directly influ- 
enced by (1) the nature of the water supply or supplies in 
use, (2) the habits and contributions of the people in the 
tributary area, (3) the presence and nature of institutions 
and industries, and (4) the amount of infiltration into sewers 
from ground or sea waters. 


Quality of Water Reclaimed From Wastes 


The quality of present-day sewage-treatment-plant efflu- 
ents is a function of the means of effluent disposal employed 


and consequently varies widely. Where satisfactory ocean 


se 
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Ficure 57. 
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effluent disposal is obtainable (as with the Los Angeles 
County Sanitation District’s ocean outfall), only primary 
sewage treatment is deemed necessary prior to ocean disposal. 

The function of the modern complete sewage-treatment 
operation is to process the sewage in such a manner as to 
separate out its water content and discharge the latter from 
the plant as a stable, sterile water altered only from the 
original water by a change in its stable mineral content. 
Each of the putrescible organic materials of sewage origin 
i. e., proteins, carbohydrates, and fats (containing the ele- 
ments carbon, hydrogen, oxygen, and in some cases nitrogen 
and sulfur)—is decomposed and transformed into compounds 
stable in composition and with inoffensive properties. This 
decomposition occurring with an ample supply of oxygen 
results in stable end products such as carbon dioxide, ni- 
trates, nitrites, and sulfates. In this manner, the suspended 
solid content and biochemical oxygen demanding substances 
of the original waste material are practically eliminated 

It must be clearly understood that, even though the 
sewage-treatment plant eliminates these putrescible materials 
and produces a stable and easily disposable effluent, the 
process is not intended to remove inorganic dissolved 
materials such as chlorides, sulfates and bicarbonates of 
sodium, calcium, magnesium, and compounds containing 
boron and other such substances. These materials pass 
through the normal sedmentation and _ biological process 
unchanged and appear in an undiminished concentration in 
the plant effluent. Furthermore, it is not possible to remove 
these inorganic materials by any ordinary modification of 
these processes. 


A water-softening process following so-called “complete 
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Rio Hondo spreading grounds (cultivated and ready for water). 
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treatment’’ would remove the substances causing hardness 
(calcium and magnesium). However, the extra expense 
involved would probably preclude such a practice. 

From the standpoint of practicality, then, the quality of 
the effluent produced from any sewage and industrial waste 
will depend greatly upon the relative amounts of dissolved 
minerals initially present in the sewage and industrial waste. 

The problem of segregation of harmful and useful wastes 
to control the quality of reclaimed effluents will be much 
easier with this initial progress already accomplished. 
Restrictions must be more inclusive, however, if the recla- 
mation plan is to be developed Other waste materials not 
objectionable from the disposal viewpoint will seriously 
impair the quality of reclaimed effluents. One such waste 
problem with which the reclamation program will have to 
cope is the proper segregation of brine wastes. 


Figure 58. 


IPPLY AND ITS PRINCIPAL USES Q3 


Recharging Underground Reservoirs With 
Reclaimed Waters 


The success of water-spreading operations, long conducted 
by the Los Angeles County Flood-Control District, has been 
demonstrated and the operation throughout the county is 
well recognized as an effective conservation of seasonal flood 
runoff (figs. 57-58). 

This spreading operation, along with the importation of 
Colorado River water, has done much to ameliorate the 
ground-water shortage. 
water reclamation 


The development of facilities for 


from sewage, wherever possible near 
spreading grounds, and the return of reclaimed water through 
such spreading grounds to underground reservoirs would 
furnish an additional year-round supply of valuable wate: 


to the depleted underground basins. 





Rio Hondo spreading grounds (water spread for recharge). 
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